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Section 1 Executive Summary

1.1 INTRODUCTION

The Department of Energy (DOE) Office of Fossil Energy (FE) and the National Energy
Technology Laboratory (NETL), through its Coal FIRST (Flexible, Innovative, Resilient, Small,
Transformative) initiative, seek to understand the configurations, equipment features, performance
characteristics, and cost implications for a future commercial coal plant that incorporates attributes
that include, among others, high overall plant efficiency, modular design, near-zero emissions,
high ramp rates, minimized water consumption, integration with coal upgrading, and capable of
natural gas co-firing.

Nexant and Bechtel performed a conceptual design of the Direct Injection Carbon Engine-Gas
Turbine (DICE) Compound Reheat Combined Cycle (CRCC) that demonstrated the
aforementioned attributes of such a power plant. An option to complete a pre-defined design
package (Pre-FEED study) was exercised to prove the technical and economic feasibility of the
plant configuration. These efforts are documented in this report, which involves partnering and
gathering input from equipment manufacturers and technology developers in determining
component options for the this technology.

1.2 BUSINESS CASE

The business case covers a market scenario leading up to the commercialization of the DICE
CRCC power plant. The main focus was on a commercial market driven scenario that is projected
to be a candidate for the commercial implementation of DICE CRCC power plants. The business
case addresses four main commercial factors covering market scenario, market applicability and
advantage of concept, estimated cost of electricity, and commercialization pathway or roadmap
for the DICE CRCC technology and power plant starting from a pilot plant to a NoaK commercial
project.

Based on the current trends and outlook, the market scenario for coal based power generation
varies widely on a regional basis both in the domestic U.S. and internationally. The commercial
market dynamics are dependent upon key influencing drivers which may also serve as challenges
and barriers which can potentially impact the commercial implementation of a DICE CRCC power
project. These include energy supply, security, and independence, competing power sources, air
emissions regulations, reducing carbon footprint, de-carbonization, and energy transition, and
project financing. The market scenario leading up to the commercialization of the DICE CRCC
power plant addresses the coal type, natural gas price along with a sensitivity analysis, CO:
constraint of 90 percent and the current market price, and renewable energy penetration based on
the EIA’s Annual Energy Outlook 2020.

The market applicability in domestic U.S. is dependent upon key factors for the resurgence of new
coal power projects which includes increase in price of LNG/natural gas, increasing value of CO>
via regulation or carbon capture and utilization, and the impact of regulatory framework and
policy. The market applicability internationally indicates countries with relatively lower cost coal
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but higher domestic natural gas prices (e.g. China, India, and Australia) which may also find the
DICE CRCC power plants and configuration appealing. In the various countries and regions (e.g.
Japan, South Korea, and Europe), smaller, modular, and efficient DICE CRCC power plants
utilizing coal will most likely be attractive. The utilization of CO; for either EOR and/or enhanced
gas recovery are also growing potential opportunities.

The market advantage of concept demonstrate that the DICE CRCC power plant is well suited for
certain specific markets with unique attributes and features, such as those with smaller capacity
utility grid(s) unable to accommodate large capacity power plants, modular design enabling
“building block” methodology for incremental capital investment and capacity additions to match
utility grid demand loads, higher efficiency and ability to operate at range of capacity factors, high
natural gas price, the ability to use diesel fuel, high ambient temperature and humidity, and high
altitude installations.

Based on the overall performance, total as-spent cost (TASC), and annual operating cost of the
100 MWe DICE CRCC plant, its LCOE was estimated to be $223.9/MWh. The LCOE of variant
cases were also estimated with the DICE CRCC plant without PCC having an LCOE of
$148.6/MWh, and the “ideal” DICE CRCC with PCC and centralization beneficiation having an
LCOE of 145.7/MWh.

From a commercial project development and project financing perspective, the commercialization
pathway for the DICE-GT CRCC power plant requires a two-phased approach and manner —
initially with a pilot plant and later followed by a NoaK commercial plant. The key funding and
financing assumptions and drivers include TRL, funding via equity and grants for the pilot plant,
funding via equity and limited recourse financing via debt for the first 1 to 3 NoaK plants (later
followed by non-recourse financing), fiscal and financial incentives, and “bankable” transactional
contracts.
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1.3  TECHNOLOGY DESCRIPTION

The thermodynamic driver behind the DICE CRCC plant concept is described in detail in the
papers and articles by Giilen. A simplified system diagram of the DICE CRCC plant is shown in
Figure 1-1.

Figure 1-1
Simplified Schematic Diagram of Coal-Fired DICE GTCC with Hot Gas Expander and Duct-Fired
HRSG
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As shown in Figure 1-1, air compressed in the turbocompressor is sent to the DICE engine intake
after being cooled in an aftercooler to a suitable temperature (~120 °F). Multiple DICEs, operating
in parallel, burn MRC slurry to generate power. The DICE exhaust gas temperature is sent to the
hot gas expander for power generation.

The bottoming cycle is a Rankine steam cycle comprising an HRSG and a steam turbine generator
with the balance of plant (BOP) including a backpressure steam turbine, myriad pipes, valves,
pumps and heat exchangers. The HRSG is a waste heat recovery boiler utilizing hot gas turbine
exhaust gas to make steam. Duct firing of natural gas in the HRSG is required in order to generate
enough steam to meet the demand of the PCC system.

The flue gas is desulfurized in a direct contact caustic scrubber to reduce the SOx content in the
flue gas to less than 10 ppm and reduce amine losses in the downstream post combustion CO»
capture (PCC) unit, while also cooling and condensing water from the flue gas, before it is sent to
the amine-based PCC unit to remove 90 percent of its CO».
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1.4  TECHNOLOGY GAPS

The DICE CRCC delivers the promised capabilities by combining mostly standardized, oft-the-
shelf, and commercially mature equipment with proven technology in a thermodynamically
optimum manner. The combination of reheat with constant volume heat addition delivers the most
efficient heat engine cycle, which can be implemented in the field with multi-equipment
configurations for maximum modularity and flexibility with high efficiency at small ratings.

The DICE CRCC with post-combustion carbon capture (PCC) is a low emissions, coal-fired power
plant comprising three “blocks” or “islands’:

= (Coal beneficiation and coal-water slurry (CWS) fuel processing and production
= Modular electric power generation
= PCC

The PCC Block utilizes amine-based chemical absorption technology, which is currently available
and is not considered a technology risk. The power generation system also comprises of
commercially mature and proven technology except for the DICE. Thus, the main focus of the
technology gap analysis is on:

= DICE R&D and development pathway
=  CWS processing and production

14.1 DICE Technology Gaps and Risks

All of the major pieces of equipment for the DICE CRCC power system are standardized, off-the-
shelf, and commercially mature products (i.e., representing TRL 9). The least-proven part of the
cycle is DICE, which is a reciprocating internal combustion engine (RICE) fired with a coal-water
slurry fuel, and which requires the following modifications and development:

= New fuel injector
= Cylinder/piston coating (with carbide)

The project team worked with the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) of Australia to address the developmental needs of DICE in these areas. The team also
plans to continue partnering with CSIRO to further develop these modifications for the next phase
of work.
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1.4.1.1  R&D Requirements for DICE Commercialization

Table 1-1 suggests the component R&D program to commercialize the MRC-fired DICE
component.

Table 1-1
Component R&D Program for DICE Commercialization
Component 4-stroke 2-stroke

Cylinder liners Hard coating, optional provision | Hard coating, optional provision of
of oil scrapper grooves to allow | oil scrapper grooves to allow
increased bore lubrication and increased bore lubrication and
flushing of solids to reduce flushing of solids above the
filtration load on crankcase scavenge ports
lubrication

Piston No change in short term, optimization of bowl shape for MRC rather
than low NOx as required for fuel oil

Rings Hard coating, improved design to improve down scrape of
contaminated bore oil

Stuffing box No change Seal oil protection to eliminate the

ingress of contaminated cylinder oil
Scavenge box drainage No change No change if scrapper grooves are

used in the cylinder walls otherwise
improved drainage

Crankcase oil filtration 200 percent increased filtration | No change, but with separate
capacity; dual systems to allow | centrifuge for reconditioning
on-line maintenance, separate cylinder scrape
centrifuge for cylinder scrape.

Fuel supply system Dual system is required: One for MRC and one for a diesel/fuel oil

which would be used for starting, idling and optional pilot injection
(1-5% of heat rate, as is currently used for some gas engines).
Injection system Seal oil protected sliding surfaces including the pump plunger and
needle valve. The seal oil should be maintained at 120% of the fuel
supply pressure at all times.

Pilot injection Pilot injection is essential for engine conditions where ignition is less
reliable - starting, idle and shutdown. Pilot injection is recommended
for engine speed above 400 rpm, and at low load.

Exhaust manifold (low Large horizontal exhaust gas ducting should also be provided with a

speed 2-strokes) positive grit removal system (e.g. auger).

Exhaust turbine No change for ash with aerodynamic diameter <10um. Possible use of
coated metal for inlet guide vanes.

Waste heat recovery Conventional solid fuel boiler type for heat recovery

Exhaust gas cleanup The same as used for large land mounted 2-stroke engines using heavy
fuel oils — ESP or fabric filtration, SCR and FGD

Lubrication Adjustment of crankcase oil to match sulfur content of the MRC and

with increased detergency to keep char and ash in suspension.
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1.4.1.2  Staged Development of DICE

Previous R&D on DICE, while having provided promising findings on technical issues, can only
provide a technology readiness level (TRL) of 4 for most technical aspects. DICE still needs
considerable development and demonstration to match the technical development of current power
generation technologies. However, this can be cost-effectively fast-tracked. Compared to the
incumbent technologies, DICE has strong technical merit because of the ability to carry out a near-
commercial scale demonstration at a relatively small size (e.g. 5 MW).

The 5 MW capacity engine-generator can be obtained in skid form, in a straight 6 configuration,
giving a cylinder of approximately 400 mm bore and operating at 500 rpm. The simple in-line
configuration and fewer cylinders ensure easier and faster incorporation of new components for
testing - essential to shortening development time. This includes the option of only needing to
make changes to one cylinder — which can also be swapped out as a complete power unit in a few
hours to facilitate testing.

The data, information, and experience gained from this engine would be directly applicable to a
larger semi-commercial demonstration (e.g. a V18 configuration producing 15 MW at 500 rpm).
It is envisaged that successful demonstration at this scale would lead to larger commercial
installations comprising multiple 15-20 MW engines, as is practiced for gas engine installations,
without entailing any scale-up of DICE.

The cylinder size, rating and power output from a single engine unit for the proposed development
steps to a full-size commercial engine are shown in Table 1-2.

Table 1-2
Proposed Engine Scale-Up
Development stage Bore Cylinder Cylinders Plant Scale up
(cm) rating Units Output
(kWe/cyl) MWe)
Small scale demonstration 46 1000 6 5-6 1
Demonstration plant 46 1000 18 20 1
. . 18
First commercial 46 1000 . 100 1
5 units
. 18
Large commercial 4-stroke 63 2000 . 200 2x
5 units
. 12
Large commercial 2-stroke 94 5000 . 360 5x
6 units
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The scale-up factor (based on cylinder area) between the development stages is at most 2-3x, which
are relatively small scale-up steps compared to other technologies. It is envisaged that a staged
development program could be established with an engine manufacturer and OEMs (e.g. suppliers
of injection and turbocharging components) to quickly undertake the demonstration program to
enable commercial deployment by 2030.

Following the successful demonstration, rapid commercialization is possible, and likely to be
driven by a strong need for incremental coal generation capacity for:

= Replacing old, inefficient and uneconomic PC power plants (say units smaller than 300 MW
and/or older than 30 years in plant economic life)

= New load-following capacity to secure a higher penetration of renewables, and in direct
competition with gas open cycle plants with gas prices over $5/GJ

= Remote generation, especially for supplying large mines and surrounding regions

= New capacity with CO; capture and storage, as DICE has the potential for a 30 percent
reduction in the cost of capture over PC coal plants. The cost reduction is due to a combination
of higher thermal efficiency (fewer kg CO2/MWh) and the ability to use 130°C coolant and
exhaust heat for stripping

» Once an engine is adapted for DICE it will be capable of handling a wide range of other
alternative fuels (i.e. difficult) fuels (for example coal-biochar or coal-ammonia blends, crude
bio-oils) which would extend the facilities value past the proposed demonstration, and provide
additional environmental incentives for the facility and commercialization of DICE.

MRC, including higher ash products, could be used to replace fuel oil for boiler light-up and
low load operation.

1.4.2  Fuel Production Technology Gaps and Risks

The project team worked with the Sedgman Inc to develop a flowsheet for the coal beneficiation
and slurrying process and to address the developmental needs of the coal beneficiation plant. It is
understood from Sedgman that for a typical commercial beneficiation process, there are currently
no specific components, equipment, or systems which require undertaking traditional R&D nor
having any technology gaps. However, as part of the overall beneficiation process, there are key
commercially available plant unit operations whose end-use application is novel - when
beneficiation is based on coal. As shown in Figure 1 2, these unit operations include fine grinding
mill, ash removal (via rougher flotation and cleaner flotation), and tailings handling.

In this study’s performance evaluation of the DICE CRCC, subbituminous PRB coal was used as
the feedstock to the beneficiation plant. Due to the hydrophilic nature of the PRB coal, the overall
product recovery yield was about 50 percent on both a mass and combustible value basis. A
consequence of this low product yield is the large quantity of reject tailings that, while still
containing significant heating value, is in slurry form, and has no commercial value. The
unsaleable tailings thus has to be disposed of in ash ponds, which constitute an environmental risk.

While it is possible to process the reject slurry (via dewatering, briquetting, etc.) to a more
functional form, this requires additional energy and cost input. It is therefore key to address the
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likely technology gap associated with disposing the otherwise unsaleable reject slurry tailings from
coal beneficiation.

Figure 1-2
Key Coal Beneficiation Unit Operations
RAW COAL J
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It is of utmost importance to increase the product recovery yield to way beyond the current 50
percent. Doing so would not only decrease the coal feed required by the beneficiation plant, but
also minimize the quantity of reject tailings. It is understood that the hydrophilic nature of the
subbituminous coal as-is makes it difficult to achieve a high recovery via the conventional flotation
process for ash separation. Tests on various coal samples should therefore be undertaken to
identify coal types that can achieve maximum product recovery

1.4.2.1  Development of Coal Processing Plant

From this study, items in proposed order of testing as discussed below, should be included in an
ongoing work plan to further progress the development pathway of MRC as fuel for the DICE
CRCC.

Feed Coal Analysis: One of the main drivers for the success of DICE CRCC is the feed coal
selection. The PRB coal is shown to be not suitable in current pre-FEED study. Bench-scale tests
are therefore needed on various coals to establish and select feed with best available yield, while
meeting the heating value, ash content, and rheology specifications required by DICE. The
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selection of the preferred coal type is a critical component of any ongoing work as this will drive
the downstream test work.

Coal Grain Analysis: Once a preferred coal source, or sources, are identified, detailed coal grain
analysis on this coal is required to determine liberation requirements to reach the required product
ash level.

Crushing and Grinding Test Work: Laboratory scale comminution tests (comminution is
particle size reduction by breaking, crushing, or grinding of ore, rock, coal, or other materials)
should be carried out on the selected coal to determine the energy inputs required for crushing and
grinding.

Flotation Tests: Flotation tests should be performed on freshly ground coal samples to avoid
oxidation of the particle surfaces which will adversely impact flotation performance. The results
of the flotation test work may require an iteration of the grinding work to be done.

Thickening and Dewatering Tests: Both the product (concentrate) and tailings material from the
flotation test work would need to be collected to perform thickening and dewatering testing.
Thickener testing will help to determine thickener size, flocculant type and dosage rates.
Dewatering test work will help to size the dewatering equipment and assist in selection of the final
dewatering technology to use.

Rheology Characterization: To support the sizing and selection of agitators, pumps and piping a
range of range of rheology characterization tests should be undertaken on the key intermediate and
final product and tailings slurry streams.

Pilot Plant Operation: While the individual pieces of major equipment required for the coal
beneficiation plant producing MRC slurry are commercially available, the overall process as
applied to coal is novel. It is therefore recommended that following the completion of the above
initial laboratory scale analysis, a pilot plant be constructed and operated to provide an indication
of the expected continuous performance.

1.4.2.2 Centralized Beneficiation Plant

For a small, modular power plant such as the DICE CRCC (< 100 MW for this introductory
variant), the performance and cost estimates presented in the report suggest that it makes no
economic sense to install a coal beneficiation plant on-site at every DICE CRCC plant. This is
analogous to building a crude oil refinery on-site at every gas station. For the modular DICE
CRCC plant to be feasible, there must be multiples of such power plants, each receiving fuel from
a centralized coal beneficiation plant, thereby taking advantage of the economies-of-scale benefits
that the large central beneficiation plant possesses. Research and development efforts must
therefore be geared towards a large centralized processing facility, and take into consideration the
delivery aspects of the beneficiated coal (e.g. delivering the coal in dry, powdered form risks self-
ignition, slurry form delivery incurs additional costs for shipping what is essentially just water)
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1.5  DICE CRCC PERFORMANCE RESULTS
1.5.1 Process Flow Diagram

The overall DICE CRCC power plant PFD is shown in Figure 1-3 and comprises the following:
Coal beneficiation plant

5 DICE (nominally 20 MWe each)

1 main air compressor (MAC)

1 hot gas expander

Bottoming cycle consisting of HRSG with natural gas duct firing and back pressure steam
turbine

e 30 wt% MEA-based PCC unit capturing 90 percent of CO: in the flue gas
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1.5.2 DICE CRCC Plant Net Efficiency

Table 1-3 summarizes the overall performance based on the design of the nominal 100 MWe DICE
CRCC power plant. Overall fuel mix to the plant consists of 71.5 percent coal, 3.5 percent diesel
fuel and 25.0 percent natural gas, on an LHV basis. The net efficiency of the plant is 30.8 percent
on an LHV basis (29.1 percent HHV). As the rejected PRB coal tailings from the beneficiation
process do not participate in the combustion reactions, the heating value associated with these
rejects is not included in the efficiency calculation.

Table 1-3
Power Summary and Net Efficiency

POWER GENERATION, kWe

5 x DICE 78,730
Turboexpander 31,787
Steam Turbine 14,676
Total Power Generation 125,192
AUXILIARY LOAD SUMMARY, kWe

MRC Fuel Prep 5,472
Main Air Compressor 26,301
SCR 88
Fabric Filter 69
Boiler Feed Water Pump 261
Economizer Recirculation Pump 5
Steam Turbine Auxiliaries 31
DCC Circulating Pump 400
CO2 Capture 2,549
CO2 Compression 7,838
Circulating Water Pumps 2,407
Makeup Water Pumps 70
Cooling Tower Fans 977
Wastewater Pumps 14
Miscellaneous Auxiliaries 135
Transformer Losses 626
Total Auxiliaries, kWe 47,242
Net Power, kWe 77,950
As-Received PRB Coal Feed, Ib/hr 148,818
Beneficiated Coal Slurry Fuel Feed, Ib/hr 91,934
Diesel Fuel Feed, Ib/hr 1,651
Natural Gas Feed Flow, Ib/hr 10,640
Coal LHV Thermal Input, MMBtu/hr 619
Diesel LHV Thermal Input, MMBtu/hr 30
Gas LHV Thermal Input, MMBtu/hr 216
Total LHV Thermal Input, MMBtu/hr 865
LHV Efficiency, % 30.8%
Coal HHV Thermal Input, MMBtu/hr 643
Diesel HHV Thermal Input, MMBtu/hr 32
Gas HHV Thermal Input, MMBtu/hr 239
Total HHV Thermal Input, MMBtu/hr 914
HHV Efficiency, % 29.1%
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1.5.3 Plant Emissions

Table 1-4 summarizes the various DICE CRCC plant emissions and control measures undertaken
to achieve these emissions.

Table 1-4
Plant Emissions Summary
Pollutant Ib/MWh-gross Control Technology
SOx Trace Direct Contact Cooler (DCC) with caustic scrubbing + MEA
(0.000) reaction with residual SOx in flue gas to effectively reduce to
zero
NOXx 1.2 Selective Catalytic Reduction + MEA reaction with NO2 to

effective scrub out all NO2, reducing NOx content by 10%
(assume 90:10 NO/NO:z ratio in flue gas) while all NO passes

through
PM Trace DCC water wash in PCC plant further scrubs out residual PM
(0.000) in flue gas
Hg 3x 106 Third Stage Separator (TSS) + SCR + DCC. If mercury is still
(estimated) an issue, activated carbon injection (ACI) can be utilized at a
location with appropriate temperature before the cyclone.
HCI 0.06 (unabated) | Uses SOx as surrogate, per DOE Bituminous Baseline Report
0.000 (SOx
surrogate)
Ib/MWh-net
CO2 221 30 wt% MEA
Volatile 1 ppm Water wash at the top of the PCC absorber is expected to
Organic remove VOC in flue gas before venting to atmosphere
Compounds
(VOC)

154 Potential Variants

Two variants of the DICE CRCC system were considered and their performances were evaluated
as part of this study. One scenario considered eliminating PCC of the DICE CRCC system flue
gas. In this case, exhaust steam from the main steam turbine that would have been diverted to the
PCC is sent to a condensing turbine to produce more power, resulting in greater power generation
from the steam cycle.

The second scenario evaluated was that for a modular DICE CRCC plant that, instead of having
an on-site, similarly modular coal beneficiation plant, receives coal from a centralized
beneficiation facility, thereby taking advantage of the economies-of-scale benefits that a large
central beneficiation plant possesses.

Table 1-5 summarizes the plant performances of these variations, along with the base case.
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Performance Comparison of Base Case DICE CRCC and Variants

Table 1-5

DICE CRCC with DICE CRCC with
e PCC DICE CRCC PCC
(On-site coal No PCC (Centralized coal
beneficiation) beneficiation)
POWER GENERATION
DICE 78,730 78,730 78,730
Turboexpander 31,787 31,900 31,787
Steam Turbine 14,676 31,299 14,676
Total Power Generation, kWe 125,192 141,929 125,192
AUXILIARY LOAD SUMMARY, kWe
Coal Processing 5,472 5,472 500
Power Cycle Auxiliaries 27155 27476 27155
CO2 Capture and Compression 10387 0 10387
Balance of Plant 4,229 3,891 4,240
Total Auxiliaries, kWe 47,243 36,840 42,282
Net Power, kWe 77,949 105,089 82,910
Coal HHV Thermal Input, MMBtu/hr 643 649 643
Diesel HHV Thermal Input, MMBtu/hr 32 33 32
Gas HHV Thermal Input, MMBtu/hr 239 270 239
Total HHV Thermal Input, MMBtu/hr 914 952 914
HHV Efficiency, % 29.1% 37.7% 31.0%
LHV Efficiency, % 30.8% 39.9% 32.7%
O Nexanr 100 MWe DICE CRCC Pre-FEED Study 18
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1.6 DICE CRCC COST RESULTS
1.6.1 Cost Estimation Methodology

Capital costs for the 100 MWe DICE CRCC plant were derived based on the following
methodology:

e Capital costs for the coal beneficiation system were estimated by Sedgman and presented as a
turnkey subcontract cost in this report. The capital cost estimate is reflective of the facility
fully designed, supplied, fabricated and delivered to site, constructed and commissioned in
accordance with the coal beneficiation plant scope of work detailed in the pre-FEED
performance results study. .

= The costs for certain specialized, commercial equipment associated with the DICE CRCC
plant, such as the air compressor, hot gas combustor, hot gas expander and the various
generator equipment, were estimated and verified with budgetary quotes from equipment
vendors. These were then developed up to the total plant cost level, which includes bulk
material, labor, and construction indirect costs based on historical factors for similar equipment

type.
= Post combustion capture (PCC) plant cost was determined via a bottoms-up cost estimate based

on major equipment sizing and using past quotes from equipment vendors or cost curves
derived from commercial cost estimate software

= DICE CRCC balance of plant (BOP) systems were estimated via a bottoms-up cost estimate
based on major equipment sizing and developed to total plant cost level using historical factors.
The exception is the ash handling system, which was scaled via capacity factor, using
appropriate scaling parameters and capacity factoring exponents stated in NETL’s Quality
Guidelines for Energy System Studies (QGESS) Cost Scaling Report

1.6.2 Capital Cost Estimate

Table 1-6 provides a summary of the DICE CRCC total plant cost (TPC), total overnight cost
(TOC), and total as-spent cost (TASC), in 2018 dollars.

The estimated TPC for the small, modular (nominal 100 MW “block’) DICE CRCC plant is $422.4
million (MM), or $5,419/kW-net. Its TOC is $524.7MM, or $6,732/kW-net, and its TASC is
$575.5MM, or $7,358/kW-net.
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Table 1-6
Capital Cost Summary for DICE CRCC Plant

Plant DICE CRCC
Size 78 MWe
Total Plant Cost (2018 $/kW) 5,419
Total Plant Cost (2018 $MM) 422.4
Bare Erected Cost 323.5
Home Office Expenses 38.6
Project Contingency 17.7
Process Contingency 49.9
Total Overnight Cost (2018 $/kW) 6,732
Total Overnight Cost (2018 $MM) 524.7
Owner’s Costs 102.3
Total As-Spent Cost (2018 $/kW) 7.358
Total As-Spent Cost (2018 $MM) 573.5

1.6.3 Operating Cost Estimate

Table 1-7 presents a breakdown of the nominal 100 MWe DICE CRCC fixed and variable
operating costs.

It is notable that the low recovery of beneficiated product from processing PRB coal, at less than
50 percent, results in a large consumption of the PRB coal feed. Additionally, it generates a
significant quantity of coal tailings slurry that needs to be disposed of. A $38/ton disposal cost
was used in the cost estimate, as referenced from the DOE Bituminous Baseline Report, resulting
in a very high annual waste disposal cost of $24.4MM, by far the most significant contributor to
the non-fuel O&M costs.

This disposal cost is considered conservative, since the tailings contain significant heating value,
as much as the product itself, albeit with higher ash content and in the form of a slurry. Its quality
can be comparable to that of lignite coals found in the Gulf Coast region, which have heating
values as low as 4,000 Btu/lb, and moisture contents as high as 55 percent). It could therefore be
potentially useful as a fuel for slurry-based gasification or for combustion after suitable processing
(e.g. briquetting).
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Table 1-7
100 MWe Nominal DICE CRCC Annual Operating Cost Breakdown

Plant DICE CRCC
Size 78 MWe
Capacity Factor (CF) 85%
Fixed Operating Costs, 2018 $SMM/yr 20.8
Annual Operating Labor Cost 7.3
Maintenance Labor Cost 2.6
Administration & Support Labor 2.5
Property Taxes and Insurance 8.5
Variable Operating Costs, 2018 $MM/yr 39.4
DICE CRCC Plant Maintenance Material 4.0
Coal Beneficiation Plant Maintenance Material 2.0
Water 0.5
Chemicals 8.4
Waste Disposal 24.4
Fuel, 2018 $MM/yr 29.2
PRB Coal 21.2
Diesel 0.2
Natural Gas 7.9
Total Annual O&M Costs 2018 $SMM/yr 89.4

1.6.4 Design Levelized Cost of Electricity (LCOE)

Based on the overall performance, TOC, and annual operating cost of the 100 MWe DICE CRCC
plant, its levelized cost of electricity (LCOE) was estimated to be $223.9/MWh.
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Note: 3 year construction for DICE CRCC is consistent with NGCC construction period assumption as used by NETL in its

Table 1-8

LCOE Parameters and Cost Breakdown

Plant DICE CRCC
Size 78 MWe
Capacity Factor (CF) 85%
Years of Construction 3
Total As-Spent Cost/Total Overnight Cost Ratio 1.093
Fixed Charge Rate (FCR) 0.0707
Total As-Spent Cost (TASC), $MM 574
Fixed Operating Cost, $MM/yr 20.8
Variable Operating Cost @ 100% CF, $MM/yr 46.3
Fuel Cost @ 100% CF, $MM/yr 34.4
Annual 1000 MWh (100% CF) 683
LCOE (excl. CO; T&S), $/MWh 223.9
LCOE Breakdown, $/MWh

Fuel (incl. coal beneficiation) 50.4
Variable O&M 67.8
Fixed O&M 35.9
Capital Charges 69.9
Total LCOE, $/MWh 223.9

reference reports. TASC/TOC ratio used for LCOE evaluation for such 3-year capital projects is 0.0707

1.6.5 LCOE Estimates of Variant Cases

Table 1-9 presents the summary comparison of the capital costs, operating costs, and LCOE
breakdown of the DICE CRCC plant with and without PCC, and the envisioned “ideal” DICE

plant that receives coal feed from a centralized coal beneficiation plant.

The DICE CRCC plant without PCC has an LCOE of $148.6/MWh, or 66 percent of the same
plant with PCC. Essentially, adding the PCC plant to capture 90 percent of the CO: in the DICE

CRCC flue gas increases its cost of electricity by 50 percent.

The ideal DICE CRCC plant using coal received from a centralized beneficiation plant, assumed
to be at $4.3/MMBtu based on CSIRO’s research on the cost of coal beneficiation. Including 90

percent CO; capture, the LCOE of this plant is reasonable at $145.7/MWh, or about 65 percent
of the base case plant with on-site beneficiation.
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Table 1-9

Performance and LCOE Summary Comparison for DICE CRCC Variants

Plant DICE CRCC No DICE CRCC Ideal DICE
PCC with PCC CRCC with PCC
(on-site (centralized
beneficiation) | beneficiation)
Size 105 MWe 78 MWe 83 MWe
Plant Efficiency, LHV 39.9% 30.8% 32.7%
Plant Efficiency, HHV 37.7% 29.1% 31.0%
Capacity Factor (CF) 85% 85% 85%
Total As-Spent Cost (TASC), $MM 474 573 492
Fixed Operating Cost, $MM/yr 17.6 20.8 15.2
Variable Operating Cost @ 100% CF, $MM/yr 40.8 46.3 13.4
Fuel Cost @ 100% CF, $MM/yr 35.8 34.4 33.7
Annual 1000 MWh (100% CF) 921 683 726
LCOE (excl. CO; T&S), $/MWh 148.6 223.9 145.7
LCOE Breakdown, $/MWh
Fuel (incl. coal beneficiation) 38.9 50.4 46.4
Variable O&M 44 .4 67.8 18.4
Fixed O&M 225 35.9 24.6
Capital Charges 42.8 69.9 56.4
Total LCOE, $/MWh 148.6 223.9 145.7

1.6.6  Sensitivity Analysis

Figure 1-4 depicts the tornado chart that provides both a ranking and measure of magnitude of the
impact that the listed parameters have on the DICE CRCC plant LCOE. It is clear from this figure
that the LCOE is most sensitive to the performance and cost of the coal beneficiation plant. It
would therefore be most beneficial to the DICE CRCC technology if there was a centralized coal
beneficiation plant with maximum economy-of-scale that also maximizes the yield of the
beneficiation process (which simultaneously minimizes the tailings to be disposed of), thus
reducing the beneficiated coal cost to be delivered to the modular DICE CRCC plant.
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Figure 1-4
LCOE Tornado Chart

100 MWe DICE CRCC Plant LCOE Tornado Diagram
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Section 2 Business Case

21 OBJECTIVE

The objective of this section is to evaluate a business case which demonstrates a market scenario
leading up to the commercialization of Direct Injection Carbon Engine (DICE) Compound Reheat
Combined Cycle (CRCC) technology and power plants. Accordingly, the main focus is on a
commercial market driven scenario that is projected to be a candidate for the commercial
implementation of DICE CRCC power plants.

2.2 INTRODUCTION
221 Overview

The power plant for this Pre-FEED study is configured as a 5x1x1x1 DICE CRCC facility
generating a nominal 100 MWe of net power while capturing 90 percent of the CO: in the flue gas.
The breakdown of the process system and power blocks is as follows:

Five (5) DICE (nominal 20 MWe each)

One (1) hot gas expander

One (1) Single pressure, no reheat heat recovery steam generator (HRSG)

One (1) Non-condensing (back-pressure) steam turbine

One (1) 30 wt percent MEA plant capturing 90 percent of the total CO: in the flue gas

MBS

Subject to the design basis set forth in the contract, the design for the DICE CRCC power plant is
to be developed as a greenfield project with a U.S. Midwestern or Gulf Coast location.

This section describes the key commercial circumstances which establish the business case for the
DICE CRCC power plant while addressing:

e Current coal power generation marketplace

e Competing conventional power generation sources

e Drive towards reducing carbon footprint, de-carbonization, and ongoing energy transition
e How the proposed technology will most likely respond to varying power market scenarios

Accordingly, the business case presented includes four main commercial factors as shown in
Figure 2-1:
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Figure 2-1
Main Commercial Factors

Business Case
DICE-GT CRCC

Market Applicability
& Advantage of
Concept

Estimated Commercialization
Cost of Electricity Pathway

Market
Scenario

In accordance with the scope criteria set forth in the contract, the business case addresses the main
tasks starting with market scenario, market applicability and advantage of concept, and estimated
cost of electricity. In addition, a commercialization pathway or roadmap is provided for the DICE
technology and power plant starting from a pilot plant to a next-of-a-kind (NoaK) commercial
project.
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23  MARKET SCENARIO
2.3.1  Key Influencing Drivers

Based on the current trends and outlook, the market scenario for coal based power generation
varies widely on a regional basis both in the domestic U.S. and internationally. The commercial
market dynamics are dependent upon key influencing drivers which may also serve as challenges
and barriers which can potentially impact the commercial implementation of a DICE CRCC power
project. Table 2-1 provides a listing of the key influencing drivers:

Table 2-1
Key Influencing Drivers

Key Drivers Commentary

Energy Supply, In the domestic U.S. and internationally, various coal types are available as
Security, and an abundant natural resource and on a regional basis. Coal provides highly
Independence reliable energy supply, independence, and security wherein the

dependency on imported fuels and feedstocks is reduced — key emphasis is
on cleaner and efficient utilization of coal.

Competing Power There is potential competition for coal based power generation versus other
Sources conventional energy sources such as natural gas. In some regions, coal
based power plants remain the lower cost sources of electricity. In other
regions, based on the availability of oil and gas resources, natural gas
fueled power generation via gas turbine combined cycle (GTCC) is typically
more viable due to the availability of lower cost natural gas.

Air Emissions Air emissions from coal power plants includes CO, CO2, NOx, SOx,
Regulations mercury, particulate matter, and other hazardous air pollutants. Based on
the prevailing stricter domestic U.S. and international
emissions/environmental regulations, permitting of coal power plants is
much more difficult than competing conventional energy sources such as

natural gas.
Reducing Carbon There is a global drive towards reducing carbon footprint, de-carbonization,
Footprint and Energy | and energy transition through sustainable forms of energy. Accordingly,
Transition based on signatories to the Paris Accord, nearly 179 countries have stated

their goal to reduce greenhouse gas (GHG) emissions. Countries pledged
to reduce CO2 emissions in the range of 20 to 40 percent from their
respective 2012 levels. Currently, the U.S. is not a signatory to the Paris
Accord, however, there are multiple states which have enacted state-level
energy policies and initiatives toward reducing carbon footprint, de-
carbonization, and energy transition. In some states, there are
commitments of up to 80 percent reductions by 2040. In these states, coal
based power generation is a primary target with respect to reduction carbon
footprint and de-carbonization (e.g. coal based power produces nearly
double the CO2 per MWh as compared to natural gas power generation). .
In addition, sustainable power sources such as intermittent utility-scale
renewable energy (e.g. solar PV and wind) is integrated with large-scale
energy storage and increasingly benefitting from state-level government
mandates and policy support along with attracting major capital investment.
Project Financing Initially, for the NoaK commercial DICE CRCC plants, financing will most
likely be on a limited recourse basis versus project financing (on a non-
recourse basis) - in order to meet lenders “bankability” requirements as well
as mitigating technical and commercial risks. Currently, project financing of
coal based power plants is more challenging due to the future power market
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which has significant uncertainties (e.g. de-carbonization, stricter air
emissions regulations, competing power sources, and power system wide
penetration of renewable energy). In addition, larger output coal power
plants are currently facing major challenges in securing financing from
commercial lenders. Smaller and modular DICE CRCC plants may provide
a lower risk profile since they require lower capital investment along with
incremental capacity additions to meet baseload demand - hence have a
better opportunity for attracting financing.

The market scenario leading up to the commercialization of the DICE CRCC power plant
addresses the coal type, natural gas price, CO2 constraint and price, and renewable energy
penetration.

2.3.2 Coal Pricing
2.3.2.1 Design Fuel

The design fuel for the DICE CRCC power plant is a low-sulfur sub-bituminous Montana Rosebud
Powder River Basin (PRB) coal, with an as-received heating value of 8,564 Btu/Ib (HHV) or 8,252
Btu/lb (LHV). The coal has an ash content of 11.03 percent by weight (wt%) on a dry basis, and
needs to be micronized and de-ashed to an appropriate level in order to protect the moving parts
of the DICE unit that are exposed to either the micronized coal-water fuel (which is abrasive), or
the solid particulate products of combustion which contain both ash and traces of unburned coal.

2.3.2.2  Physical Beneficiation

The DICE CRCC power plant design utilizes physical beneficiation to remove the minerals and
sulfate/pyritic sulfur in the PRB coal. Physical beneficiation, depending on feedstock and process,
is able to bring the ash content down to a few percent by weight. The resulting ash content of the
coal is reduced to about 2 wt% on a dry basis, which is considered suitable for combustion in the
DICE unit.

2.3.2.3 Costof MRC Fuel

For this study, the design of a modular, on-site coal beneficiation plant for each 100 MW DICE
CRCC plant was investigated. However, for such a small, modular power plant such as the DICE
CRCC, it makes no economic sense to install a coal beneficiation plant on-site. This is analogous
to building a crude oil refinery on-site at every gas station. For the modular DICE CRCC plant to
be feasible, there must be multiples of such power plants, each receiving fuel from a centralized
coal beneficiation plant, thereby taking advantage of the economies-of-scale benefits that the large
central beneficiation plant possesses.

For this study, the equivalent beneficiated coal cost for PRB coal, calculated on a “net-back” basis,
was $14.2 per MMBtu, representing a more than 6-fold increase in coal cost due to the modular,
economically disadvantaged coal beneficiation plant. However, based on CSIRO’s research
involving Australian coals, it has been suggested that the cost of beneficiated coal is about AUD
6/GJ (USD 4.3/ MMBtu). Additionally, coal beneficiation process and component developers have
stated aspirational targets at less than $1.50/MMBtu, based on using waste Eastern coal fines as
feedstock, available at virtually no cost.
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For the successful commercialization of DICE CRCC, it is of utmost importance that the
beneficiated coal price be as low as possible. A market scenario which meets or exceeds CSIRO’s
$4.3/MMBtu target, and closer to the aspirational targets of $1.50/MMBtu would be imperative
for this.

2.3.3 Natural Gas Price

For this Pre-FEED study, a levelized natural gas price of $4.19/GJ or $4.42/MMBtu (HHV) for
delivery to the Midwest (reported in 2018 U.S. dollars) was used in the operating cost analysis,
which is consistent with that used in the most recent DOE Bituminous Baseline Report (Revision
4, 2019). However, it is noted that current Henry Hub natural gas prices are only about
$1.9/MMBtu. Since natural gas is a co-fired feedstock to the DICE CRCC plant, a market scenario
leading to successful commercialization of DICE CRCC would be one with low natural gas
pricing, along the lines of current Henry Hub prices.

2.34  CO2 Constraint and Price
2.3.4.1 Post-Combustion CO2 Capture

The DICE CRCC power plant is fully integrated with a post-combustion CO, capture (PCC) unit
using 30 wt% MEA that captures 90 percent of the CO> in the flue gas. The captured CO; meets
the purity specifications set forth by DOE for pipeline delivery to saline aquifer sequestration, at
a pressure of 2,200 psig at the plant battery limit for delivery to the storage site at 1,200 psig.

When the PCC is in operation, the DICE CRCC power plant has a CO> emission rate of 221
Ib/MWh-net, far lower than natural gas technologies (~800 Ib/MWh-net) without capture.
Additionally, it is designed for maximum power generation when the PCC is offline with the
addition of a low-pressure (LP) condensing turbine generating an additional 17 MW from steam
that is normally routed to the PCC when it is in operation, and the elimination of PCC-associated
auxiliary loads of about 10 MW, resulting in a total of 27 MW more power available for export.

2.3.4.2 CO; Price and 45Q Tax Credlit

Based on the current CO; pricing and trends, the U.S. energy-related CO> emissions should have
decreased by an anticipated 2.0 percent in 2019 and forecast to decrease by 0.9 percent in 2020.
Carbon taxes have been suggested to help achieve this reduction. No credit for CO has been taken
for the purposes of cost comparisons in this Pre-FEED Study. The Bipartisan Budget Act of2018
included in the FUTURE Act (Furthering carbon capture, Utilization, Technology, Underground
storage, and Reduced Emissions) was intended to extend and reform the 45Q tax credit. Key
provisions included an increase in the CO; credit value incrementally over ten years from $10 to
$35 per metric ton (MT) of CO» stored geologically through enhanced oil recovery (EOR), and
from $20 to $50 per MT for saline and other forms of geologic storage. In addition, 45Q tax credit
provides a $35 per MT for CO: captured and put to beneficial uses beyond EOR that reduce
lifecycle emissions. Accordingly, the DICE CRCC power plant produces a captured CO; product
at a purity greater than 95 percent, which currently can be sold in the U.S. market for in the range
of $15 to $40 per MT COa.
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2.3.5 Renewables Penetration
2.3.5.1 Major Energy Transition

As highlighted, the domestic U.S. and international commercial power market is undergoing a
major energy transition towards more sustainable forms of energy. With emphasis on reducing
carbon footprint and de-carbonization, there is increased interest and capital investment in
commercialized renewable power technologies (e.g. utility-scale grid interconnected solar
photovoltaics (PV), solar thermal, and onshore/offshore wind energy) that are at the center stage.
As part of the definitive pathways towards de-carbonization, investors, lenders, market players
such as project developers and sponsors, and policymakers are increasingly becoming aware of
the need for flexibility in the energy value and supply chain.

2.3.5.2 Market Projections

The Annual Energy Outlook (AEO) 2020 presents an assessment by the U.S. Energy Information
Administration (EIA) of the outlook for energy markets through 2050. Based on a high-level
overview, the main highlights specifically with respect to electric power generation based on the
Reference Case include:

= Power generation mix continues to experience a rapid rate of change with penetration of
renewables being the fastest-growing source of electricity generation

= U.S. electricity load demand grows modestly with primary drivers for new capacity being:
- Retirements of older and less-efficient conventional energy plants

- Near-term availability of federal renewable energy tax credits and higher state-level
renewables targets

— Continued decline in the Capex of renewable energy sources, especially solar PV

- Low natural gas prices and favorable costs for renewables result in natural gas and
renewables as the primary sources of new generation capacity through 2050

- Future generation mix is sensitive to the price of natural gas and growth in electricity
demand

= U.S. coal and commercial nuclear power generation with most of the decline occurring by the
mid-2020s as a result of plant retirements

As shown in Figure 2-2, the AEO 2020 projects renewable energy growth from 19 percent (in
2019) to 38 percent (in 2050) of the total installed power generation. Ofthe total renewable energy
growth, solar PV and wind energy market share is 53 percent (in 2019) increasing to 79 percent
(in 2050).

Specifically, the share of solar PV is 15 percent (in 2019) increasing to 46 percent (in 2050). Wind
energy with 38 percent (in 2019) with slight decrease to 33 percent (in 2050) since new wind
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capacity additions are at much lower levels after production tax credits (PTCs) expire in the early
2020s.

Installed power generation via coal with 24 percent (in 2019) declining to 13 percent (in 2050).
Natural gas power generation is the marginal fuel source to fulfill incremental demand and
increases in the later projection years, averaging 0.8 percent growth per year through 2050.

Figure 2-2
Electricity Share from 2019 to 2050

Source: EIA Annual Energy Outlook 2020
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As projected in Figure 2-3, the expected requirements for new power generating capacity will be
met by both renewable energy sources and natural gas. Coal and commercial nuclear power
generation stabilizes over the longer term as the more economically viable plants remain in service.
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Figure 2-3

Projections of Expected Retirements and Additions from 2019 to 2050

Source: EIA Annual Energy Outlook 2020
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As highlighted, power generation from renewable energy and natural gas increases, respectively,
as a result of the declining costs of solar PV and wind renewable capacity and lower natural gas
prices and, making these power generation sources increasingly competitive. As illustrated in
Figure 2-4, the high renewables cost and low renewables cost Sensitivity Cases assume different
rates of cost reduction for renewable energy technologies compared with the Reference Case
wherein the non-renewables assume the same rates. Changes in cost assumptions for new wind
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and solar PV projects result in significantly different projected fuel mixes for power generation.

Figure 2-4

Projections of High and Low Renewables Cost Sensitivity Cases from 2019 to 2050
Source: EIA Annual Energy Outlook 2020
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As depicted in Figure 2-5, the AEO 2020 shows that in all Reference and Sensitivity Cases, solar
PV and wind energy lead the market share and growth in renewable power generation in most
regions.

Figure 2-5
Share of Solar PV and Wind Energy in Renewable Energy Growth from 2019 to 2050

Source: EIA Annual Energy Outlook 2020
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Note: HC = High Renewables Cost, LC = Low Renewables Cost, HOGS = High Oil and Gas Supply, LOGS = Low Oil and Gas Supply, PV= photovoltaic

As more renewable energy resources are added, there will most likely be an additional need for
novel, efficient, higher utilization capacity, and viable combustion power generation resources
such as the DICE CRCC. A key market driver for DICE CRCC power plants includes providing
grid reliability, availability, and maintainability (RAM). In addition, another market driver is
ensuring grid resilience when the output of power generation via renewable energy sources is
drastically reduced, curtailed, or insufficient.

2.3.5.3 Impact of Intermittency

An important commercial market impact and consideration is the intermittency of the various
renewable energy sources and its consequential impact on front-of-the-meter (FTM) applications
such as the utility grid. Integration of large-scale energy storage may most likely become the key
enabler to the entire renewable power generation value and supply chain — especially solar PV
power generation.

As illustrated in Figure 2-6, major electrochemical or battery energy storage system (BESS)
capacity additions are expected to be integrated grid system wide with intermittent renewable
energy sources in order to increase the dispatchability of utility-scale renewable power sources -
especially in FTM applications.
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Figure 2-6
Intermittent Renewable Energy Integrated with Energy Storage
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*illustrative example only and detailed internal front-of-the meter (FTM) and behind-the-meter (BTM) and load distribution panels, inverters, controllers,
transformers, and related infrastructure not shown.

Based on technological innovation and increased commercial market share, large-scale BESS
systems’ Capex, Opex, and levelized cost of storage (LCOS) continue to decline. Commercial
installations have tripled in less than three years, mainly using lithium-ion (Li-Ion) batteries that
are primarily aimed at providing short-term energy storage, which presently accounts for nearly
80 percent of all BESS capacity. Besides Li-lIon, current BESS technologies include lead acid,
sodium sulfur, sodium nickel chloride, and flow batteries (e.g. vanadium redox, iron, and zinc

bromide).

As depicted in Figure 2-7, the AEO 2020 shows that the growth in utility-scale BESS follows the

growth in solar PV in most regions in high renewable penetration scenarios.
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Figure 2-7
Growth of BESS Follows Solar PV Growth from 2019 to 2050

Source: EIA Annual Energy Outlook 2020
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Another important market driver related to the intermittency of renewable energy sources is the
mandatory requirement proper utility grid protection which is currently being provided by various
dispatchable sources - largely comes from conventional or traditional energy sources and
corresponding value and supply chains. In the U.S., some coal power plants, commercial nuclear
power, and natural gas GTCC are providing such baseload grid support, requiring them to operate
more flexibly in terms of modes of service and duty than they were originally designed for, which
is potentially adverse to performance:

= Continuous duty
= Baseload
= Other modes (cycling, peaking, and standby)

Such an operating profile and characteristics may most likely also occur in other regions as the
penetration of renewable energy sources grows, thereby impacting the need for baseload fossil
power, while putting extra importance on their ability to provide RAM as well as ensuring grid
resilience.

The direct impact of commercial renewable sources on the DICE CRCC power plant will most
likely be felt in terms of potential fluctuations in power prices and resulting dispatch of the plant.
This high-level review does not attempt to predict future power prices, the commercial power
market structure, and regulatory framework and policy. However and instead, this review seeks
to address the price competitiveness of the DICE CRCC power plant to other dispatchable power
plants as discussed in the subsequent section related to estimated cost of electricity. If the DICE
CRCC power plant is the lowest marginal cost option for dispatchable power, it will be
competitive.
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2.3.5.4 Impact of Power Offtake

Power offtake is another commercial market impact and consideration. Most utility-scale
renewable power projects operate with offtake under a power purchase agreement (PPA) with the
local utility. These PPA contracts, typically on a take-or-pay terms and conditions, are based on
competitive market price for the electricity. The LCOE of a given project is the present intrinsic
value of that project’s costs, levelized on an annual basis. For most solar PV and wind energy
facilities, a project’s LCOE closely tracks with the competitive PPA price.

Most project developers have good understanding of the prevailing PPA price in a given
commercial market and at the project development stage seek out incentives, concessions from
various suppliers, lenders, and local authority to match their baseline LCOE to the prevailing PPA
prices. The project’s LCOE is the “first order approximation” for that specific project’s
competitive PPA price. In order to increase the profit margin of the renewable energy facility,
project developers always seek alternative methods of increasing revenue streams from power
sales by assessing:

= Possible revenue streams based on a straight competitive PPA, versus

= Selling part of the power offtake from the renewable energy project under an avoided cost
basis during winter and summer seasons and during respective peak periods via a levelized
avoided cost of electricity (LACE)

= Resulting impact on project financing and rate of return on the capital investment

One most likely avenue available for a renewable project is selling power as a qualifying facility
(QF) to the local utility as stipulated under the Public Utility Regulatory Policies Act (PURPA)
regulations which was enacted in 1978. Current guidelines from the U.S. Federal Energy
Regulatory Commission (FERC) indicate that renewable energy projects can be classified as a QF
and sell power to the local grid under an avoided cost of generation basis.

If the DICE CRCC power plant, via its lower marginal LCOE and executed PPA, can demonstrate
its price competitiveness to other dispatchable power plants, it can potentially be classified as a
viable QF status.

2.3.5.5 Impact of Capacity Retirement and Improved Capacity Factor

As highlighted in the EIA’s AEO 2020, coal power generation capacity retires at a faster pace as
capacity factors increase for the more efficient coal power plants that remain in service as projected
in Figure 2-8. In addition to decreases in installed capacity as a result of competitively priced
natural gas and increasing renewables generation, coal power generating capacity decreases by
109 GW (or 46 percent) between 2019 and 2025 to comply with the Affordable Clean Energy
(ACE) rule before leveling off near 127 GW by 2050 in the Reference Case.
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Figure 2-8
Coal Capacity Retirement and Improved Capacity Factor from 2019 to 2050

Source: EIA Annual Energy Outlook 2020
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The average capacity factors for coal power plants improve over time as less-efficient power plants
are retired, as heat rates in the remaining coal power generation fleet improve to comply with the
ACE rule, and as natural gas prices increase. Between 2019 and 2025, coal power generation
decreases by 26 percent in the Reference Case while natural gas prices increase. By 2030, the
plant utilization rate of the remaining coal power generation capacity returns to 65 percent, which
is slightly less than in the early 2000s. In the high oil and gas supply Sensitivity Case, coal power
generation decreases by 42 percent between 2019 and 2025, and lower natural gas prices limit the
plant utilization rate of the coal fleet to a capacity factor of about 60 percent in 2030.

In addition, higher natural gas prices in the low oil and gas supply Sensitivity Case slow the pace
of coal power plant retirements by about 23 GW through 2025 compared with the Reference Case.
The low oil and gas supply Sensitivity Case has 155 GW of coal power generation capacity still in
service in 2050. Conversely, lower natural gas prices in the high oil and gas supply Sensitivity
Case increase coal power plant retirements by 28 GW in 2025, and 96 GW of remaining coal
power plant capacity remains by 2050.

In order to reasonably compare the design of the DICE CRCC power plant with the benchmark
DOE reference coal plant, this unit cost of electricity (COE) evaluation assumes a similar baseload
plant with an overall capacity factor of 85 percent. The part load operation with the penetration
of renewable energy sources is addressed in detail in the Performance Results Report Volume of
this report. As highlighted, the DICE CRCC power plant will be competitive if it is the lowest
marginal cost option for dispatchable power.
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24 MARKET APPLICABILITY & ADVANTAGE OF CONCEPT
241 Domestic U.S.

In recent years, new coal power generation capacity additions have been drastically stagnating in
the U.S. where coal is often non-competitive with offshore and onshore conventional as well as
unconventional (shale) natural gas. In addition, coal power generation presents significant
emissions, health, and related environmental risks. There are very few known greenfield coal
power projects which are advancing in the U.S. and some major energy utilities have definitively
pledged to eliminate coal power plants from their entire portfolio of power generation assets under
operations and management.

However, based on this Pre-FEED study, it is believed that the DICE CRCC power plants can have
a higher degree of success in the domestic U.S. market due to the modularity of the DICE CRCC
technology, lower capital investment capital required as compared to large coal plants, incremental
capacity additions to meet power market demand, relative abundance of coal in some regions and
coupled with lower natural gas prices, thus minimizing its feedstock costs. Table 2-2 provides a
high-level overview of the main market factors required for a significant resurgence in new coal
power projects.

Table 2-2
Factors for Resurgence in U.S. of New Coal Power Projects
Factors Commentary
Increase in price of While the increase in the price of natural gas as compared to coal has not
LNG/natural gas been forecasted, there is a potential especially as the international demand
for LNG/natural gas grows.
Increasing value of Subject to the development of a major domestic U.S. market for CO., this
COz2 via regulation or | scenario could potentially drive new coal power projects with carbon
carbon capture and capture and storage (CCS). Also, EOR continues to be the primary form of
utilization utilization and targeting this market can most likely be a necessity for any

new coal power projects along with CCS in the short-term. Major
governmental sponsored programs such as 45Q tax credits can also
provide a value for captured CO2, which in turn benefits the overall project
economics. As an incentive, the value of capturing CO2 must be greater
than the commaodity cost, which is not the case in most circumstances.
Accordingly, the value of CO2 must increase (e.g. via regulation or
utilization) and/or the cost must decrease for coal power projects with CCS
to be economically viable.

Impact of Regulatory | There is considerable uncertainty in future regulatory framework and policy
Framework and which increases the risk profile of undertaking the project development and
Policy project financing of coal power plants - power generators, equity investors,
lenders along with insurers are highly risk adverse to develop and execute
such projects. Recent revisions to the Clean Air Act section 111(b) have
been proposed to alter the definition of best system of emissions reduction
for new coal power plants to the most efficient demonstrated steam cycle in
combination with best operating practices, instead of requiring partial CCS
as was the case in the previous version of the Clean Air Act. Enactment of
effective regulatory framework, policy, and directives favoring coal power
plants is key to providing both developer’s, investors, lenders, and insurers
comfort and adding certainty around the low-carbon future - which is
important for growth in coal power.

O Nexanr 100 MWe DICE CRCC Pre-FEED Study 38
Executive Summary and Business Case




24.2 International

There are countries with relatively lower cost coal but higher domestic natural gas prices (e.g.
China, India, and Australia) which may also find the DICE CRCC power plants and configuration
appealing as the bulk of the fuel consumed is the lower cost coal, while the higher efficiency of
the system offsets the cost of co-firing more expensive natural gas. Given the fuel flexibility of
the DICE unit and its ability to use diesel as a feedstock, it is also applicable in the international

market where crude oil prices are lower, such as in the Middle East.

In the various countries and regions, smaller, modular, and efficient DICE CRCC power plants
utilizing coal will most likely be attractive for undertaking project development, execution, and
operations. The utilization of CO> for either EOR and/or enhanced gas recovery are also growing
potential opportunities. The market demand for coal power plants internationally varies by both
country and region. Table 2-3 provides a high-level overview of the potential for international

coal power projects.

Table 2-3
Potential for International Coal Power Projects

Country or Region

Commentary

China

China continues to be the largest coal producer as well as the largest
consumer in the world. Coal accounts for nearly 70 percent of its total
energy consumption. China forecasts coal capacity growth of
approximately 19 percent over the next five years, during this timeframe
there is a potential for declining electricity demand. Thus, many coal power
plants have been operating at reduced capacity factors. Based on declining
demand and growing emissions, health, and environmental concerns, the
Chinese government has announced it may likely postpone building some
coal power plants that have received prior approval and curtail construction
of other projects. There are large coal supply resources in China and there
is continuing demand for greenfield power plant capacity primarily in
western China.

India

India has very large domestic coal reserves. The ash content of Indian coal
produced is in the range of 25 to 45 percent whereas average ash content
of imported coal varies from 10 to 20 percent. Indian coal has
comparatively higher ash content than imported coal due to drift theory of
formation of coal deposits in India. In recent years, India had the largest
growth in coal utilization of any country. India’s draft National Electricity
Plan forecasts that the 50 GW of coal power generation capacity in
construction is sufficient to meet the domestic power demand for the next
decade, but there is a potential for new coal power plant capacity additions.
Most new coal power plants proposed are state-of-the-art pulverized coal
(PC) or circulating fluidized-bed (CFB) supercritical units as India has
imposed a carbon tax on coal, which is about $6.25 per MT of CO2 which
requires efficiency as a key parameter in the region. India continues to
seek and locate viable reservoirs for CCS.

Japan

Japan had over 44 GW of coal power plants in operation in 2018, with more
than 6 GW additional capacity either permitted or in construction. Japan’s
climate change pledge is to reduce GHG emissions by 26 percent from
2013 levels by 2030. Accordingly, improving efficiency and potentially
performing CCS are important market drivers in Japan. In addition, Japan
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is keen on promoting novel coal power cycles which have a smaller
physical footprint due to space limitation.

South Korea Coal power generation market share is more than 40 percent of South
Korea’s power mix. South Korea continues to have plans for additional coal
power generation, despite having a climate change pledge of nearly 30
percent reduction in GHG emissions by 2030. South Korea’s 8th Basic
Plan for Electricity Supply and Demand (8th BPE) has a target of 35
percent of coal power in the generation mix before 2030. Regardless,
South Korea is planning to add a net 5GW of new coal power generation
capacity by 2022. There is also strong interest in oxy-combustion, and the
country is investing in several technologies, including pressurized oxy-
combustion (South Korea has previously invested in the DOE’s STEP
program).

Europe Based on the Paris Accord, in the region of western Europe, there are
several countries which announced plans to end coal power generation
within their borders or establish emissions reductions targets that would
effectively require an end to coal power generation without CCS. Countries
include France by 2023, United Kingdom and Austria by 2025, Netherlands
by 2030, and Germany by 2050. This makes new coal power generation
very difficult to operate in the region. In eastern Europe, there is a higher
potential for new coal power generation as “brown” coal resources are
abundant and lower cost. Efficiency and cleanliness will be key market
drivers in this region. CCS may be a challenge, however, as underground
storage is not popular, although Norway is developing a potential sink for
COz in the North Sea.

Others There is increased utilization of coal in some regions in Africa (e.g., Kenya
and Zimbabwe) and Southeast Asia (e.g., Indonesia and Vietnam), which
presents major growth opportunities, although low-cost coal power
generation will be critical in these areas. Smaller-scale plants will be a
definite market advantage.

24.3 Advantage of Concept

As discussed in the market scenario, traditional coal power plants were typically designed for
baseload mode of service and duty, and always-on or “must-run” operation. However, in the past
decade, the penetration of utility-scale renewable energy sources has increased due declining costs,
federal tax credits, state-level mandates. In addition, natural gas power generation has displaced
coal power plants while providing greater flexibility in different modes of service and duty ranging
from baseload, peaking, cycling, and standby.

As the commercial market matures in domestic U.S. and/or internationally, intermittent renewable
energy sources may be less reliable, available, and maintainable than combustion based DICE
CRCC power plants. As renewables become more cost-effective and a larger part of the generation
mix, as previously highlighted, additional cycling requirements are being imposed on historically
baseload coal power units and natural gas power generation - this was not originally anticipated
when the coal power plants were designed and built. Energy utilities currently meet the expected
grid load demand by using a “day-ahead” projections of electrical load demand to develop a power
generation resource stack. The resource stacks start with the lowest marginal cost option for
dispatchable power and add brownfield and greenfield power generation resources until the
demand is properly met. As more, non-dispatchable renewables are added to the total power
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generation portfolio, energy utilities must respond by adjusting the commitments to combustion
based power generating resources. This key requirement requires coal power plants such as DICE
CRCC to effectively transition from baseload operation to frequent cycling at certain times of the
year. The DICE CRCC power plant is well suited for certain specific markets with unique
attributes and features, such as those with:

Smaller capacity utility grid(s) unable to accommodate large capacity power plants

Modular design enabling “building block” methodology for incremental capital investment and
capacity additions to match utility grid demand loads — baseload, peaking, and cycling duty
and service

Utilization of standard “off-the-shelf” components, equipment, and systems — minimizing
requirements for basic and advanced R&D as well as demonstration

Requirement for fast ramp rates and ability to operate at capacity factors as low as 30 percent
High natural gas price (more than $10 to $12 per million BTU)

Ability to use diesel fuel (places where gas supply is subject to uncertainty)

High ambient temperature and humidity

High-altitude installations

Various combinations of the above
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25 COMMERCIALIZATION PATHWAY
251 Overview

Coal based power generation technologies, existing assets, and greenfield projects face a
challenging future given the uncertainty in the regulatory framework and policy area as well as
environmental constraints (emissions and carbon capture), low natural gas prices, and declining
cost of renewable energy resources. Given these commercial market realities, the most
applicable, relevant, cost effective, and commercially viable application for the DICE CRCC
power plants will most likely be:

* Smaller, modular, and efficient design providing incremental capacity additions to meet
displaced coal power capacity due to the retirement of existing coal power generation facilities

* Providing grid stability and resilience by operating at various capacity factors in baseload,
peaking, and cycling service and duty

2.5.2 Two-Phased Approach

From the commercial project development and project financing perspective, it is most likely that
an energy utility or a project developer would initiate the development, execution, and operations
of'the DICE CRCC power plant at a greenfield site in a two-phased approach and manner — initially
with a pilot plant and later followed by a NoaK commercial plant

For the pilot phase for the DICE CRCC power plant, the key technology investing stages and
funding gaps cover basic R&D, applied R&D, and demonstration activities. In addition, for the
NoaK phase for the commercial operation plant, key stages include market development and
commercial diffusion which are directed towards roll-out and project financing. The traditional
funding and investment stages of progression of energy technology and investments includes the
development processes, various activities, and funding resources as shown in Figure 2-9.

Figure 2-9
Process, Activity, and Funding of Pilot Plant and NoaK Plant
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The key funding and financing assumptions and drivers for the DICE CRCC power plant (pilot
plant and NoaK commercial plant) include TRL, funding via equity and grants, financing via debt,
fiscal and financial incentives, and transactional contracts:

= TRL of 5 to 6 assumes the pilot project will be in a pre-demonstration phase and beyond bench-
scale unit. TRL of 9 for NoaK plant assumes advanced commercialization of the technology
and market ready for commercial deployment

= Pilot plant will attract grants and equity only. The grants (e.g. R&D grants and project grants)
will be required for the pilot plant since the DICE CRCC technology is assumed to be in a pre-
commercial stage (from the viewpoint of equity investors and commercial lenders)

= NoaK plant is funded by equity and financed by debt. Grants are not applicable for the NoaK
plant which is an advanced commercialized stage

= With respect to fiscal and financial incentives, at the federal and/or state level as applicable,
the pilot plant can attract subsidies via additional grants, income tax credits (ITCs), accelerated
depreciation, and carbon credits for CO:

= NoaK plant can attract at the federal and/or state level, as applicable, loan guarantees, income
tax credits (ITCs), accelerated depreciation, and carbon credits for CO»

* The requirement of transactional contracts for the pilot plant includes, but not limited to,
technology license agreement (if required), and EPC and O&M contract. In addition, to
provide comfort to equity investors and grantors, the EPC contract must consider a “wrap” to
cover warranties and guarantees

* The requirement for transactional contracts for the NoaK plant are discussed in the subsequent
subsection entitled “Structuring Financing for NoaK Plant”

As shown in Figure 2-10, as part of the effective implementation of the two-phased approach, any
technology investing and funding gaps must be avoided for the pilot phase as well as the pre-
commercialization stages in order for success of the DICE CRCC power plant.
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Figure 2-10

Avoiding Technology Investing and Funding Gaps
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It is important to overcome any potential funding gaps which may arise for the pilot phase during
the applied R&D phase and post-demonstration phase (prior to advanced commercialization).
Typically, the “debt-equity gap” for capital requirements for commercializing energy technologies

Equity and Debt

is beyond the risk tolerance and timelines of most existing debt and equity markets.

2.5.3 Transitioning between Two Phases

Once the pilot plant has been developed, executed, and in operations, definitive O&M experience
feedback from the pilot phase for the DICE CRCC power plant can identify, quantify, and mitigate
risks for implementing the NoAK commercial plant. As depicted in Figure 2-11, with lessons
learned from O&M experience, the required modifications, upgrades, retrofits, revamps, and
repairs can be undertaken to ensure the definitive transitioning from the pilot plant to the NoaK

commercial operation plant.
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Figure 2-11
Transitioning from Pilot Plant to NoaK Plant
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During the transitioning, the technical and commercial risk profile is identified, quantified,
reduced, and mitigated. In addition, with the main emphasis on “bankability”, key inputs are
provided by the project sponsors, lenders, and other stakeholders in the DICE CRCC power plant
project.

2.54  Structuring Financing for NoaK Plant

Typically, there are three (3) types of commercial financing available, namely, full-recourse,
limited recourse, and non-recourse as shown in Figure 2-12. The structuring of the NoaK
commercial operation plant would most likely attract limited recourse financing initially for the
first 1 to 3 plants. For fully syndicating the limited recourse debt, lenders will most likely require
the NoaK project assets be mortgaged, hypothecated, or collateralized. Thereafter, based on
lenders’ comfort, the next generation of DICE CRCC power plants can attract non-recourse
financing wherein the project’s earnings before interest, taxes, depreciation, and amortization
(EBITDA) along with cash flows provide the required debt service coverage (DSC) over entire
duration of repayment of loans while supported by “bankable” offtake agreements.

The typical Debt-to-Equity Ratio (DER) for the NoaK plant can typically range from 60:40 (or
1.5:1) to 70:30 (or 2.33:1). The lower DER is for first 1 to 3 plants and may vary depending on
lenders risk profile and appetite.
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Figure 2-12
Most Likely Scenario via Limited Recourse Financing
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As illustrated in Figure 2-13, the limited recourse financing structure for the NoaK commercial
operation plant will consist of a special purpose project company (SPPC) with key stakeholders
covering debt, equity, insurance companies, risk guarantors, EPC and O&M contractors along with
execution of “bankable” transactional contracts.

Figure 2-13
Limited Recourse Financing of Project Company
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The limited recourse financing structure requires that the equity investment is made, possibly via
escrow accounts, into the SPPC specifically set-up for the project development, execution, and
operations of the DICE CRCC power plant project. The equity funding sources will execute
shareholder agreements with the SPPC. The lenders for senior debt, subordinated debt, and
working capital will execute respective loan agreements with the SPPC and debt drawl will occur,
possibly via escrow accounts, in to the SPPC.

For subscribing equity and syndicating debt, both equity investors and lenders, respectively, will
require detailed economic modeling and financial proforma analysis which can include, but not
limited to, determining Capex, Opex, Total Installed Cost, LCOE, power tariffs for executing PPA,
electricity merit-order dispatch scenarios, LACE for a securing a QF status, lifecycle assessment
(LCA), insurance costs, and working capital margin. In addition, all financial projections over the
economic life along with financial profitability indicators such payback period, internal rate of
return (IRR), rate of return on equity (RROE), net present value (NPV), and debt service coverage
ratio (DSCR). Based on the lenders debt financing norms, a sensitivity and scenario analysis must
be conducted with respect to potential schedule delays, cost overruns, and changes in interest rates
— results showing variants and impact on IRR, RROE, DSCR, and payback period.

The requirements for transactional contracts include, but not limited to, the DICE CRCC
technology license agreement (if required), EPC and O&M contracts, fuel supply agreement
(FSA), PPA, and agreement for purchase of carbon credits for CO,. For the first 1 to 3 plants, the
EPC contract must consider a “wrap” to cover warranties and guarantees. The O&M contact must
consider a long-term service agreement (LTSA). In addition, all transactional contracts and
agreements must be “bankable” with provisions for back-to-back arrangements to mitigate
counterparty risks and downside risks.

25,5 Capital Structure

To illustrate the most likely structuring of the required financing for the NoaK commercial
operation plant, a high-level example of a capital structure is provided in Table 2-4.

Table 2-4

Example of Capital Structure for NoaK Plant
Key Metric Data and Information
Basis of Key Cost Report dated February 15, 2020
Assumptions
Project Capacity 78 MW
Total Overnight Cost | $525 million
(TOC)
Debt to Equity Ratio 60:40 or 1.5:1
Debt = $315 million

= Senior, subordinated debt, and working capital

= Sources include U.S. Government loan guarantee and lenders
(financial institutions, investment banks, and commercial banks)

Equity = $210 million

= Common, preferred stock, and possible convertible debt along with
warrants and options
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= Sources include project sponsors, developers, private equity (PE) firms,
OEMs, EPC and O&M contractors
Grants None assumed since NoaK is a commercial operation plant

2.5.6 Financing Stages

Based on the current financing norms, the three main stages for the NoaK plant covers pre-
financing, financing, and post-financing including and up to financial closure. Figure 2-14
provides an overview.

Figure 2-14
Three Main Stages of Financing

Project identification
Risk identification, minimization, and mitigation
Technical and financial feasibility

Pre Financing
Stage

* Equity arrangement K
* Negotiation and syndication
Financing | Cpmmitments and documentation
Stage * Disbursement )
™~
* Monitoring and review
Post + Financial closure / project closure
GTETS Il * Repayments & subsequent monitoring
Stage v

2.5.7 Categories of Risks

As part of equity investors’ and lenders’ technical and commercial due diligence during the three
stages of financing, a key emphasis is to identify, minimize, and mitigate project risks, external
risks, and financing risks.

The potential risks associated with the financing of the DICE CRCC power plant can be divided
into 3 key categories which must be evaluated during the aforementioned 3 main financing stages
in order to satisfy and meet both equity investors’ and lenders’ comfort. Figure 2-14 provides a
summary and highlights the 3 key categories of risks.
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Figure 2-15
Three Key Categories of Risks
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2.5.8 Other Pre-Financing and Regulatory Requirements
2.5.8.1  Overview

As highlighted in Section 2.3.5.3, 2.3.5.4, and 2.3.5.5, the modular and higher efficiency DICE
CRCC, via a NoaK commercial operation power plant, has the potential to meet growing electricity
market demand for continuous duty, baseload, cycling, and other modes of service due to:

= Retiring of existing (older and inefficient) coal power plant capacity

= Intermittency of renewable resources

= Meeting mandatory requirement of proper baseload utility grid protection and support
* Providing critically required RAM while ensuring grid resilience

Typically, as part of either limited recourse financing or non-recourse/project financing, lenders
and underwriters will require an independent electricity market assessment from the project
sponsors and owners which includes a “merit order” dispatch ranking and priority analysis. In
principle, the purpose of a merit order dispatch ranking and priority is to enable the lowest net
cost electricity power generator to be dispatched first thus minimizing overall electricity system
costs to wholesale and retail end-customers.

2.5.8.2  Continuous Duty and Baseload

In general practice, for all continuous duty and baseload power plants in a particular utility grid
region which have executed a PPA and/or received a QF status, the approach and methodology
utilized includes:

= Determining total power tariff (on two-part basis) via variable/energy cost plus fixed/capacity
cost minus fiscal incentives (e.g. CO> credits)
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= Ranking of all power plants solely on the basis of variable/energy cost minus fiscal incentives

= Based on the prevailing regulatory criteria, guidelines and directives of the State Public Utility
Commissions (PUCs) and subject to the utility system grid demand response (DR) scenario,
the power plant with the lowest variable/energy cost (minus fiscal incentives) dispatches first,
followed by the next highest, the next highest, and so on as part of the permitting and licensing
process

Accordingly, the independent electricity market assessment verifies and validates the
dispatchability of the NoaK DICE-GT CRCC commercial operation power plant (in continuous
duty and baseload mode) while meeting the State PUCs regulations as well as lenders and
underwriters financing requirements.

2.5.8.3  Peaking and Other Modes

For meeting peaking load demand and other grid duty and service, a similar merit order dispatch

ranking and priority assessment is required to be carried out for power plants which have executed

a PPA and/or received a QF status, and the approach and methodology utilized includes:

= Conventional power generation (e.g. DICE-GT CRCC, commercial nuclear, natural gas
GTCC, etc.) on the basis of determining total power tariff (on two-part basis) via
variable/energy cost plus fixed/capacity cost minus fiscal incentives (e.g. CO> credits)

* [ntermittent renewable power generation (e.g. solar PV) on the basis of total power tariff (on
two-part basis) minus fiscal incentives (e.g. CO. credits) plus Levelized Cost of Storage
(LCOS) for integrated battery energy storage as applicable

= Based on each State’s Clean Energy Plan, various PUCs have their own specific prevailing
regulatory criteria, guidelines and directives which are subject to the utility system grid
demand response (DR) scenario, energy efficiency, and demand side management (DSM)

= Depending on the specific State PUC, a merit order dispatch ranking and priority has to be
determined and met as part of the permitting and licensing process

Accordingly, the independent electricity market assessment verifies and validates the
dispatchability of the NoaK DICE CRCC commercial operation power plant (in peaking and other
modes) while meeting the State PUCs regulations as well as lenders and underwriters financing
requirements.
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26  CONCLUSIONS

The business case covers a market scenario leading up to the commercialization of the DICE
CRCC power plant. The main focus was on a commercial market driven scenario that is projected
to be a candidate for the commercial implementation of DICE CRCC power plants. The business
case addresses four main commercial factors covering market scenario, market applicability and
advantage of concept, estimated cost of electricity, and commercialization pathway or roadmap
for the DICE CRCC technology and power plant starting from a pilot plant to a NoaK commercial
project.

Based on the current trends and outlook, the market scenario for coal based power generation
varies widely on a regional basis both in the domestic U.S. and internationally. The commercial
market dynamics are dependent upon key influencing drivers which may also serve as challenges
and barriers which can potentially impact the commercial implementation of a DICE CRCC power
project. These include energy supply, security, and independence, competing power sources, air
emissions regulations, reducing carbon footprint, de-carbonization, and energy transition, and
project financing. The market scenario leading up to the commercialization of the DICE CRCC
power plant addresses the coal type, natural gas price along with a sensitivity analysis, CO:
constraint of 90 percent and the current market price, and renewable energy penetration based on
the EIA’s Annual Energy Outlook 2020.

The market applicability in domestic U.S. is dependent upon key factors for the resurgence of new
coal power projects which includes increase in price of LNG/natural gas, increasing value of CO>
via regulation or carbon capture and utilization, and the impact of regulatory framework and
policy. The market applicability internationally indicates countries with relatively lower cost coal
but higher domestic natural gas prices (e.g. China, India, and Australia) which may also find the
DICE CRCC power plants and configuration appealing. In the various countries and regions (e.g.
Japan, South Korea, and Europe), smaller, modular, and efficient DICE CRCC power plants
utilizing coal will most likely be attractive. The utilization of CO; for either EOR and/or enhanced
gas recovery are also growing potential opportunities.

The market advantage of concept demonstrate that the DICE CRCC power plant is well suited for
certain specific markets with unique attributes and features, such as those with smaller capacity
utility grid(s) unable to accommodate large capacity power plants, modular design enabling
“building block” methodology for incremental capital investment and capacity additions to match
utility grid demand loads, higher efficiency and ability to operate at range of capacity factors, high
natural gas price, the ability to use diesel fuel, high ambient temperature and humidity, and high
altitude installations.

Based on the overall performance, total as-spent capital cost (TPC), and annual operating cost of
the 100 MWe DICE CRCC plant, its LCOE was estimated to be $223.9/MWh. The LCOE of
variant cases were also estimated with the DICE CRCC plant without PCC having an LCOE of
$148.6/MWh, and the “ideal” DICE CRCC with PCC and centralization beneficiation having an
LCOE of 145.7/MWh.

From a commercial project development and project financing perspective, the commercialization
pathway for the DICE CRCC power plant requires a two-phased approach and manner — initially
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with a pilot plant and later followed by a NoaK commercial plant. The key funding and financing
assumptions and drivers include TRL, funding via equity and grants for the pilot plant, funding
via equity and limited recourse financing via debt for the first 1 to 3 NoaK plants (later followed
by non-recourse financing), fiscal and financial incentives, and “bankable” transactional
contracts.
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Section 1 Pre-FEED Study Design Basis

1.1

POWER PLANT DESIGN CRITERIA

General

Similar to the plant in the recently completed conceptual design, the DICE CRCC plant in this pre-
FEED study is designed to generate a nominal 100 MWe on a net basis. It is to be equipped with
a COy capture plant that captures 90 percent of the total CO> in the flue gas. Based on the
requirements of the Pre-FEED study as stated in the executed contract, the design criteria and
assumptions are consistent with the Quality Guidelines for Energy Systems Studies (QGESS), and
the QGESS documents are used as references to the greatest extent possible.

1.1.2 Site-Related Conditions

The DICE CRCC plant in this Pre-FEED study is assumed to be located at a generic plant site in
the Midwestern USA, with site-related conditions as shown below:

O Nexant

Location

Elevation, ft  above sea level
Topography

Size, acres

Coal delivery

Gas delivery

Ash/slag disposal

Water

Access
CO; disposition

Midwestern USA

0

Level

300

Rail

Pipeline

Off Site

Municipal (50 percent)/Groundwater (50 percent)

Landlocked, having access by train and highway
Compressed to 2,200 psig at battery limit before
being transported 50 miles for sequestered in a
saline formation at a depth of 4,055 ft (Study scope
limited to delivery at the plant battery limit (B/L)
only)
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1.1.3 Meteorological Data

The design ambient conditions for the material balances, thermal efficiencies, system design, and
equipment sizing are shown in the following and in Table 1-1.:

. Atmospheric pressure, psia 14.7

. Maximum ambient dry bulb temperature (DBT) 59 °F

. Maximum ambient wet bulb temperature (WBT)  51.5 °F
. Design ambient relative humidity, percent 60
. Cooling water temperature 60 °F
Table 1-1
Design Air Composition
Air composition based on published psychrometric
data, mass percent
N> 75.055
O 22.998
Ar 1.280
H,O 0.616
CO2 0.050
Total 100.00

114 Coal Feed Characteristics

The design coal is Montana Rosebud PRB coal. The coal properties stated in Table 1-2 are from
the 2019 revision of the QGESS document “Detailed Coal Specifications”.
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Table 1-2
As-Received PRB Coal Properties

Coal seam nomenclature Montana Rosebud

Coal field PRB, Area D
Mine Western Energy Co.
ASTM D388 Rank Subbituminous
Proximate Analysis® As-Received Dry
Moisture? 25.77% 0.00%
Volatile Matter 30.34% 40.87%
Ash 8.19% 11.04%
Fixed Carbon 35.70% 48.09%
Total 100.00% 100.00%
Ultimate Analysis® As-Received Dry
Carbon 50.07% 67.45%
Hydrogen 3.38% 4.56%
Mitrogen 0.71% 0.96%
Sulfur 0.73% 0.98%
Chilorine 0.01% 0.01%
Ash 8.19% 11.03%
Moisture? 25.77% 0.00%
Oxygen 11.14% 15.01%
Total 100.00% 100.00%
Dry (Dulong
Heating Value'? As-Received calc.)
HHV (Btu/lb) 8,564 11,516
LHV (Btu/lb) 8,252 11,096
HHV (kJikg) 19,920 26,787
LHV (kJ/kg) 19.195 25810
| Hardgrove Grindability Index 57 |

1.1.5 Coal Beneficiation Characteristics

The DICE CRCC conceptual design utilizes the physical beneficiation to remove the minerals and
sulfate/pyritic sulfur in the PRB coal. Physical beneficiation, depending on the feedstock and
process, is able to bring the coal ash content down to a few percent by weight. The process is
expected to reduce the ash content of the coal to about 2 wt% on a dry basis, which is considered
suitable for combustion in DICE.

The physical beneficiation process produces MRC, which is essentially finely ground low ash
carbons in a slurry, similar in consistency to an acrylic paint. For effective atomization when
injected into the DICE cylinder, the MRC should have a maximum size of around 50 microns in a
55 percent coal and a 45 percent water mixture.

O Nexanr 100 MWe DICE CRCC Pre-FEED Study 58
Design Basis



There are a number of steps required to produce MRC. In general, the process comprises of:

. Coal washing

. Micronizing (fine grinding/milling)

. Froth flotation (de-ashing)

. Partial dewatering to 55 wt% coal MRC

For the design coal, it is assumed that the cleaned coal ash content is reduced to 2 percent on a dry
weight basis, while also assuming that 20 percent of the sulfur in the coal is inorganic and is
thereby removed during physical beneficiation. The expected resulting coal properties are shown
in Table 1-3. Actual beneficiated coal properties will be based on the inputs from the coal
beneficiation technology developer/original equipment manufacturer (OEM). Disposition of the
tailings from the beneficiation process will also be addressed based on the technology

developer/OEM inputs.

Table 1-3
PRB MRC Coal Properties
Ultimate Analysis, As Is Dry MRC
wt% (% wt) Washed Dry (% wt) Slurry (% wt)
Moisture 25.77 25.77 0.00 0.00 81.82 45.00
Carbon 50.07 50.07 50.07 74.31 74.31 40.87
Hydrogen 3.38 3.38 3.38 5.02 5.02 2.76
Nitrogen 0.71 0.71 0.71 1.05 1.05 0.58
Chlorine 0.01 0.01 0.01 0.01 0.01 0.01
Sulfur 0.73 0.58 0.58 0.87 0.87 0.48
Ash 8.19 1.49 1.49 2.21 2.21 1.21
Oxygen 11.14 11.14 11.14 16.53 16.53 9.09
Total 100.00 93.15 67.38 100.00 181.82 100

1.1.6  Natural Gas Characteristics

Natural gas is the co-fired fuel in the DICE CRCC plant, being burned in the hot gas combustor
to generate hot gas for expansion in the hot gas expander, and for the supplemental duct firing in

the HRSG. The natural gas properties are shown in Table 1-4.

The natural gas composition to be used was specified in Appendix B of the Pre-FEED study
contract, while the natural gas delivery conditions (temperature and pressure) were specified in the

NETL Bituminous Baseline Report.
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Table 1-4
Natural Gas Properties

Natural Gas Composition
Component Volume Percentage

Methane CH4 93.1
Ethane C2Hs 3.2
Propane CsHs 0.7
n-Butane C4Hio 0.4
Carbon Dioxide CO, 1.0
Nitrogen Na 1.6
Methanethiol CH4S 5.75x10°

Total 100.00

LHV HHV
Btu/lb 20,410 22,600
Btu/scf 932 1,032

Natural Gas Delivered Conditions

Pressure, psia 430
Temperature, °F 80

1.1.7  Flexible Plant Performance Targets

The DICE CRCC power plant shall be designed with a flexible plant performance target of being
capable of turning down to 20 percent of full capacity. This can be achieved by turning off up to
four of the five engines. This was explored in the conceptual design, per Figure 1-1, that
indicated the number of DICE running at full load (horizontal axis) and the corresponding gross
power output, net power output, and plant efficiency on a normalized basis. A similar evaluation
will be performed for the pre-FEED study based on information from the DICE OEM.

Figure 1-1
DICE CRCC Part Load Performance
1.00
0.80 Efficiency .~ L
0.60 ..
0.40 o Output
[]2[] I’DSS'_ Net
0.00
0 1 2 3 4 5
# Engines Running
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Other flexible performance plant targets include those set out in the contract as follow:
e Greater than or equal to 4% ramp rate
e Cold/Warm start in less than 2 hours
e 5:1 turndown with full environmental compliance

1.1.8 Water Requirements

The water supply is 50 percent from a local publicly owned treatment works and 50 percent from
groundwater and is assumed to be in sufficient quantities to meet plant makeup requirements.

The raw water undergoes filtering to remove sediments, after which it is suitable for to be used
as makeup water for process water, cooling water, and WFGD makeup.

The filtered raw water go through demineralization unit to produce demineralized water suitable
for use as boiler feed water makeup.

119 Waste Water Treatment

Wastewater recycle will be maximized to reduce waste water disposal requirement and to
minimize overall net fresh water makeup requirement. Blowdowns from cooling tower, steam
drum, and demineralization regeneration will be considered for use as part of the makeup to the
coal beneficiation plant and the WFGD plant. Flue gas condensate from the PCC direct contact
cooler will be considered for use as part of the overall plant makeup water supply.

Net water purges from WFGD, PCC, and raw water treatment will be used to transport coal and
ash solid wastes. Net decanted water from transport will either be exported to the local publicly
owned treatment plant, or onsite evaporation ponds, consistent with NETL baseline studies.

Sanitary waste water will be exported to the local publicly owned treatment plant for disposal.

1.1.10 Plant and Instrument Air Supply

Plant air will be compressed and cooled ambient, and will be supplied to the DICE CRCC plant
at the following conditions:

Nominal Temperature, °F 100
Maximum Temperature, °F 120
Nominal Pressure, psig 125
Maximum/Minimum Pressure, psig 150/ 100

Part of the plant air will be dried to -40°F dew point for use as instrument air for the DICE
CRCC plant. Instrument air will be supplied to it at the following conditions:

Nominal Temperature, °F 100
Maximum Temperature, °F 120
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Nominal Pressure, psig 100

Maximum/Minimum Pressure, psig 150/ 80

1.1.11 Environmental/Emissions Requirements

Design emissions requirements and limits for the DICE CRCC power plant with PCC in this
study are per Appendix B of the Pre-FEED study contract as follows:

SO, 1.00 Ib/MWh-gross

NOx 0.70 Ib/MWh-gross

Particulate Matter (Filterable) 0.09 Ib/MWh-gross

Hg 3 x 10 Ib/MWh-gross

HCl 0.010 Ib/MWh-gross

CO, 90 percent removal from flue gas

1.1.12 Major Equipment Performance Assumptions

The assumptions used in the design of the following major equipment of the DICE CRCC plant
are as shown:

Main air compressor
- Intercooled/integrally-geared
- Deliver 5 bar/70C charge air to the engines (with an aftercooler)
- Performance calibration based on Kobelco budgetary quote

Hot Gas Expander
- Maximum pressure ratio 4:1
- Maximum inlet gas temperature: 1,400 °F
- Performance calibration per GE (formerly Baker-Hughes) quote

Steam Turbine
- Two casing, condensing, no reheat
- Performance per modified Spencer, Cotton and Cannon in Thermoflow
THERMOFLEX
- Air-cooled condenser

HRSG
- Duct-fired
- Single-pressure
- Steam conditions TBD

Particulate removal
- Equipment, exact location and performance TBD subject to system optimization
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1.2 PCC DESIGN CRITERIA
Guidelines for the PCC plant design include the following:

121 General

The PCC plant is designed as an integral part of the DICE CRCC plant to recover up to 90 percent
of'the CO> in the flue gas.

The projected largest-single train size equipment will be used to maximize economy-of-scale. The
vessels exceeding transportation size limits (as specified in the Project Transportation Size
Limitation section of this document) will be field fabricated. The equipment is designed for a 30-
year plant life.

The rotating equipment (including turbomachinery) critical to the continuous plant operation will
be provided with the required spare (or redundant) capacity. Where sparing capacity is not
feasible, alternate operation will be identified to maintain continuous power plant operation.

1.2.2 Flue Gas Feed Specification

The flue gas exiting the WFGD is the design feed for the PCC plant. The corresponding flue gas
feed composition and flow rate to the PCC plant will be specified after the design of the DICE
CRCC plant is completed.

1.2.3 CO2Product Specifications

The recovered CO: is delivered at the plant B/L that meets enhanced oil recovery (EOR)
specifications as listed in Table 1-5, per the 2019 version of the DOE QGESS CO; Impurity Design
Parameters (NETL-PUB-22529).

Table 1-5
Recovered CO2 Product Properties
Compositions:
CO2 Vol% (Min) 95
N> Vol% (Max) 1
Ar Vol % (Max) 1
02 ppmv (Max) 10
H-O ppmv (Max) 500
SO2, ppmv (Max) 100
NOx ppmv (Max) 100
CO ppmv (Max) 35
B/L pressure, psig 2,200
B/L Temperature, °F 70
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1.24  Utility Commodity Specifications
Low Pressure Steam

Low pressure (LP) steam for the PCC stripper reboiler is the DICE CRCC backpressure steam
turbine exhaust desuperheated to meet the following PCC B/L conditions:

Min pressure, psia 60
Temperature, °F Saturated + 10 (303 °F)

The LP steam is assumed to be desuperheated to 10°F above saturation temperature to allow
positive control of desuperheater condensate injection. The degree of LP steam superheat can be
varied to meet minimum desuperheater design requirement.

Medium Pressure Steam

The medium pressure (MP) steam for amine reclaiming is to be extracted intermittently from the
power plant steam cycle at the following B/L conditions:

Minimum pressure, psia 100
Temperature, °F Saturated + 10
Equivalent frequency, percent of time ~ 15percent

The MP steam is assumed to be desuperheated to 10°F above saturation temperature to allow
positive control of desuperheater condensate injection. The degree of MP steam superheat can
be varied to meet minimum desuperheater design requirement.

PCC Return Condensate

The reboiler steam condensate will be pumped back to the power plant hot at the following
conditions:

Minimum pressure, psia 175
Temperature, °F To be determined by PCC Design

Cooling Tower Water

It is assumed that cooling water is available from the plant cooling towers at the following
conditions:

Maximum supply temperature, °F 60
Maximum return temperature, °F 100
Maximum supply pressure, psia 70
Maximum PCC pressure drop, psi 30
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PCC Plant Water Supply

The plant water will be filtered water from the groundwater/municipal water supply. The water
will be supplied to the PCC facility where it is filtered and pumped to the internal subsystem
battery limits at the following conditions:

Supply Temperature, °F 60
Return Temperature, °F 100
Nominal Pressure, psia As Required

1.3 PROJECT TRANSPORTATION SIZE LIMITATIONS

The maximum overland transportable dimension is 100 feet long by 15 feet wide by 15 feet height
(including carriage height). The maximum equipment height is 13.5 feet assuming using 1.5 feet
height low boy carriage. The maximum overland transportable weight is 120 tons.
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1.4 CAPEX COST ESTIMATION METHODOLOGY

Based on the requirements stated in the executed contract, the Capex for the pre-FEED study shall
be reported at a level of detail similar to that found in DOE/NETL Baseline studies.

The DOE/NETL Bituminous Baseline Report report provided a cost estimate for 14 major
subsystems of a reference 650 MWe supercritical PC plant with CO; capture. It is expected that
the cost of the 100 MW DICE CRCC plant be broken down into these same categories.

141 Coal Beneficiation and DICE CRCC Power Island

For the pre-FEED design, additional cost details will be provided for the pertinent systems
associated with the DICE CRCC plant. In particular, the Capex for the coal beneficiation and
DICE CRCC power island will be better defined, with costs based on inputs from the DICE and
coal beneficiation OEMs.

The costs for commercialized equipment associated with the DICE CRCC plant, such as the air
compressor, hot gas combustor, hot gas expander and the various generator equipment, will be
estimated and verified with quotes from equipment vendors. These will then be developed up to
the total plant cost level, which includes bulk material, labor, and construction indirect costs based
on historical factors for similar equipment type.

142 PCC Plant

The Capex for the 30wt% MEA-based PCC for the DICE CRCC plant is a major equipment (ME)
factored estimate with a target accuracy of +30 percent.

For an ME-factored estimate, the ME material and labor costs were developed from equipment
sizes, quantities, and design parameters defined by the PCC design from CCS. The bulk material
and labor costs were factored from the ME costs. The sum of the ME and bulk material costs,
including shipping costs, forms the total direct cost (TDC).

The construction indirect cost, factored from total direct labor cost, is added to the TDC to come
up with the total field cost (TFC). Using factors consistent with the DOE/NETL report for the
Case 12 total plant cost (TPC), the Engineering and Construction Management Fees and Home
office cost, and contingencies are added to the TFC to come up with the TPC.

Upon generating the size estimates for the individual equipment, the costs for the equipment were
generated using commercial estimation software (ASPEN ICARUS) with adjustments based on
past quotes for similar equipment where necessary. Installation labor for each ME was factored
from historical data by equipment type.

The costs for bulk materials such as instrumentation, piping, structure steel, insulation, electrical,
painting, concrete and site preparation associated with the major equipment were factored from
ME costs based on historical data for similar services. The installation labor for each bulk
commodity was factored from historical data by type.

The construction indirect cost was factored from total direct labor costs based on historical data.
The construction indirect cost covers the cost for setup, maintenance and removal of temporary
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facilities, warehousing, surveying and security services, maintenance of construction tools and
equipment, consumables and utilities purchases, and field office payrolls.

14.3 Balance of Plant

Cost estimates for the DICE CRCC balance of plant (BOP) systems, will be based on major
equipment factored costs, wherever possible. For potential DICE CRCC BOP systems that have
virtually identical counterparts in the NETL Bituminous Baseline Report PC and NGCC cases,
with only differences in capacity, cost estimates that follow the QGESS Capital Cost Estimation
guidelines that is based on capacity-factoring may be used.
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1.5  O&M COST ESTIMATION METHODOLOGY

The operations and maintenance (O&M) costs pertain to those charges associated with operating
and maintaining the power plant over their expected life. These costs include:

. Operating labor

. Maintenance — material and labor
. Administrative and support labor
- Consumables

. Fuel

. Waste disposal

There are two components of O&M costs; fixed O&M, which is independent of power generation,
and variable O&M, which is proportional to power generation. The base case variable O&M costs
are estimated assuming that the DICE CRCC plant is operating as a baseload plant, with a plant
capacity factor of 85 percent. A range of O&M costs will also be estimated across a range of
flexibility conditions.

1.5.1  Operating Labor

Operating labor cost is determined based on the number of operators required to work in the plant.
Other assumptions used in calculating the total labor cost include, per the 2019 revision of the
NETL Bituminous Baseline Report:

. 2018 Base hourly labor rate, $/hr $38.50
- Length of work-week, hrs 50
- Labor burden, percent 30
. Administrative/Support labor, percent O&M Labor 25

1.5.2 Consumables and Waste Disposal

The cost of consumables, including fuel, is determined based on the individual rates of
consumption, the unit cost of each specific consumable commodity, and the plant annual operating
hours. The waste quantities and disposal costs are evaluated similarly to the consumables.

The unit costs for major consumables and waste disposal are based on the values reported in the
DOE/NETL Bituminous Baseline report. These costs are reported in Dec 2018 cost basis.
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1.6 FINANCIAL MODELING BASIS
1.6.1 Economic Assumptions

The pre-FEED study deliverable calls for an estimate of the COE based on the technology concept
and design criteria. The global economic assumptions for the COE calculation are based on the
criteria set forth in the September 2019 version of NETL’s QGESS Cost Estimation Methodology
for NETL Assessments of Power Plant Performance (NETL-PUB-22580) summarized in Table

1-6.

Table 1-6

Global Economic Assumptions

Parameter

Value

Taxes

Income Tax Rates

21 percent federal, 6 percent state (Effective tax rate
of 25.74 percent)

Capital Depreciation

20 years, 150 percent declining balance method
(DBM)

Investment Tax Credit

0 percent

Tax Holiday

0 years

Contracting and Financing Terms

Contracting Strategy

Engineering, Procurement, Construction, and
Management (owner assumes project risks for
performance, schedule, and cost)

Type of Debt Financing

Project finance/non-recourse basis (collateral that
secures debt is limited to the real assets of the
project)

Repayment Term of Debt

Equal to operational period in formula method

Grace Period on Debt Repayment 0 years
Debt Reserve Fund None
Analysis Time Period

Capital Expenditure Period 3 years
Operational Period 30 years

Economic Analysis Period

33 years (capital expenditure plus operational period)
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Treatment of Capital Costs

Capital Cost Escalation during Capital
Expenditure Period

0 percent

Distribution of Total Overnight
Capital Cost over the Capital
Expenditure

10 percent, 60 percent, 30 percent

Working Capital

Zero

Percentage of Total Overnight Capital
that is Depreciated

100 percent

Escalation of Operating Cost and Revenues

Escalation of COE and O&M costs

0 percent real (3 percent nominal)

Levelized Fuel Costs

$38.21/ton for PRB coal and $4.420/MMBtu for
natural gas delivered to U.S. Midwest, per NETL
QGESS Fuel Prices for Selected Feedstocks in NETL
Studies (January 2019 update)

Finance Structures

Debt Percentage of Total

55 percent

Equity Percentage of Total

45 percent

Real Current Dollar Cost

2.94 percent

Real Return on Equity

7.84 percent

The figure-of-merit used in the evaluation of coal and gas-fired power plants in the most recent
version of the Bituminous Baseline Report (rev 4) is the real levelized cost of electricity
(LCOE). Similarly, this pre-FEED study will determine the DICE CRCC plant’s performance
based on the real LCOE. From the QGESS Cost Estimation Methodology for NETL
Assessments of Power Plant Performance document, the pertinent factors used in determining
the real LCOE as calculated based on the global economic assumptions shown in Table 1-6 are

shown in Table 1-7.
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Table 1-7

Inputs for LCOE Calculation

Parameter Value
Total As Spent Capital/Total 1.093
Overnight Cost factor (TASC/TOC/cal)
Fixed charge rate (FCR) 0.0707
Capital recovery factor (CRF) 0.0630
Effective tax rate (ETR) 25.74 percent
Nominal after tax weighted average 4.73 percent
cost of capital (ATWACC,)

1.6.2 LCOE Calculation

Per the QGESS Cost Estimation Methodology for NETL Assessments of Power Plant Performance
document, the following methodology is used to calculate the real LCOE, the figure-of-merit used
in the Bituminous in this pre-FEED study, expressed in dollars per MWh.

1) Calculate the levelized capital cost (LCC) using the fixed charge rate and capital recovery
factor (CRF) formulas as follows for a real (r) approach:

LCCr=TASCr+FCRr

CRF,  ETRxDq

where: FCR, =
1-ETR  1—ETR
ATWACC,*(1+ATWACC,)Y
and CRF, = r )
(1+ATWACC,)Y -1
dn
and D, =CRE, x)?_,——*——
q v * L1 (1+ATWACC,)™
where:

TASC = total as spent costs

FCR = Fixed charge rate

CRF = Capital recovery factor

ETR = effective tax rate

ATWACC; = real after tax weighted average cost of capital

Dq = Present value of tax depreciation expense
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dn = the tax depreciation fraction in year n

z = number of years of depreciation (21 for 20-year, 150 percent DBMpercent)

y = number of operating years

Based on the inputs given in Table 2-6, it is verified that FCR; = 0.0707 per Table 2-7.

2) Calculate levelized (and annual) O&M expenses (AOM) per MWh using the following

formula:
y 1 [ (1+i0) y
ATWACC*(1+ATWACC “la+ATWACC)
LOM = AOM x ( ), _laraTwaco)
(1+ATWACC)Y -1 ATWACC—i
where:

y = number of operating years

1 = assumed annual (real) escalation rate for O&M
ATWACC = after tax weighted average cost of capital
ETR = effective tax rate

Based on the inputs given in Table 2-6 where real escalation is specified as zero, the levelized
value equals the annual value, LOM;cal = AOM.

3) Calculate levelized annual fuel (LFP) expenses per MWh using the price forecast for fuel
costs for a 2023 to 2053 (30 years) operating period.

ATWACC*(1+ATWACC)Y
LFP = PV, ice *
fuel price (1+4ATWACC)Y -1
_ Y __ Pn
where: PVruel price = Zin=1 (1+ATWACC)™
where:

n = the year of operation

y = number of operating years

Pn = real price of fuel in year n

ATWACC = after tax weighted average cost of capital

Per the QGESS Cost Estimation Methodology for NETL Assessments of Power Plant Performance
document, the levelized fuel price for PRB coal delivered to the U.S. Midwest is $38.21/ton and
the levelized fuel price for natural gas is $4.42/MMBtu on an HHV basis.
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All factors in the COE equation are expressed in dollars for the on-line year, which is 2023 for the
reference NETL Baseline Study. The equation used is:

first year first year first year
capital charge + fixed operating + variable operating
COE — ' ' costs costs

annual net megawatt hours
of power generated

_ (FCR)(TASC) + OCpix + (CF)(OCy )

COE (CFY(MWH)

where:

COE =revenue required to be received by the generator ($/MWh, equivalent to mills/k Wh) during
the power plant’s first year of operation in order to satisfy the finance structure assumptions

FCR = fixed charge rate taken based on CRF values from that matches the finance structure and

capital expenditure period. The interest rate used in the formula must by necessity be the
ATWACC

TASC = total as spent capital (see TOC discussion below), expressed in on-line year cost
OCrix = the sum of all first-year-of-operation fixed annual operating costs

OCvar = the sum of all first-year-of-operation variable annual operating costs at 100 percent
capacity factor, including fuel and other feedstock costs and (offset by) any byproduct revenues

CF = plant capacity factor, assumed to be constant (or levelized) over the operational period;
expressed as a fraction of the total electricity that would be generated if the plant operated at full
load without interruption

MWH = annual net megawatt-hours of electricity generated at 100 percent capacity factor
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Section 1 Introduction

1.1 CURRENT STATE-OF-THE-ART POWER PLANT

The current state-of-the-art in coal-fired power generation comprises supercritical (SC) and ultra-
supercritical (USC) pulverized coal (PC) boiler-steam turbine generator (i.e., Rankine steam cycle)
technology. Due to the nature of the main prime mover plant equipment and auxiliaries used and
the underlying thermodynamic cycle (and the working fluid), the technology is cost-effective only
at very large, utility-scale (almost gigawatt) installations. Even then, the strict environmental
regulations governing criteria pollutants and other harmful emissions resulting from coal
combustion impose very expensive coal treatment/preparation and flue gas treatment equipment,
which negatively impacts plant cost and performance. On top of those challenges faced by
conventional coal-fired power generation technologies, such mega-facilities are not amenable to
fast and flexible operation requirements imposed by the rapidly changing nature of power
generation portfolio with increasing penetration by renewables. Especially vexing is the clash
between advanced alloys which are requisite to facilitate USC steam conditions for high efficiency
(i.e., austenitic steels), which are less resistant to thermal stresses imposed by rapid load ramps
and plant starts and shutdowns. A further challenge is faced during construction because of the
need for skilled welders to handle pipes and valves made from such exotic (and expensive) alloys.

Even when all the practical challenges associated with advanced USC steam technology are
ignored, the proverbial “pot of gold at the end of the rainbow” is more like copper — i.e., net lower
heating value (LHV) efficiency that can be hoped for is worse than that of an E-class gas turbine
combined cycle (GTCC).
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1.2 PROPOSED CONCEPT

The proposed concept, the Direct Injection Carbon Engine Compound Reheat Combined
Cycle (DICE CRCC) delivers the predicted and achievable efficiency by the most advanced USC
technology while being:

=  Modular
=  Flexible
=  Small (120 MW base, about 80 MW with post-combustion capture, PCC)

This is clearly highlighted and illustrated by the chart in Figure 1-1, which shows the CO»
emissions and plant efficiency of PC, GTCC and DICE CRCC (without PCC and including their
best embodiments) technologies.

Figure 1-1
Efficiency-CO2 Emission Comparison of Fossil Fuel-Fired Technologies
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The DICE CRCC delivers the promised capabilities by combining mostly standardized, oft-the-
shelf, and commercially mature equipment with proven technology in a thermodynamically
optimum manner. The combination of reheat with constant volume heat addition delivers the most
efficient heat engine cycle, which can be implemented in the field with multi-equipment
configurations for maximum modularity and flexibility with high efficiency at small ratings. The
DICE CRCC with post-combustion carbon capture (PCC) is a low emissions, coal-fired power
plant comprising three “blocks” or “islands’:

= (Coal beneficiation and coal-water slurry (CWS) fuel processing and production
= Modular electric power generation

= PCC

The basic operating principles and overview of the DICE CRCC can be found in Section 1 of the
Performance Results Report.
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1.3 TECHNOLOGY GAP ANALYSIS - THE PHILOSOPHY

The PCC Block utilizes amine-based chemical absorption technology, which is currently available
and is not considered for technology gap/risk analysis. Detailed description of the PCC Block is
provided in Section 4.8 of the Performance Results Report.

The Power Block also comprises of commercially mature and proven technology except for the
DICE. Thus, the main focus of the technology gap analysis presented herein is on:

= DICE R&D and development pathway
= CWS processing and production.

The approach and methodology for the technology gap analysis presented herein is guided by the
USDOE definition of Technology Readiness Level (TRL) is outlined in Appendix B. There are
three areas of focus in the analysis:

*= Technology Gap
= Technology Risk
= Development Pathway

The “gap” is determined by the TRL of a particular technology. Ifthe technology in question is at
TRL 9, there is no gap. If the technology is at, say, TRL 5, the technology gap is defined by the
difference between TRL 9 and TRL 5.

As far as the distinction between technology “gap” and technology “risk” is concerned, in a
nutshell:

= The “gap” is associated with the question “can we do it?”
= The “risk” is associated with the question “can we do it safely and economically?”

The “development pathway” is the key driving stratagem to be followed to bring the technology
in question from TRL X <9 to TRL 9 in the shortest time possible while mitigating the risks
identified along the way.

The term “technology” can refer to a single system or a subsystem of a system. For example, the
Power Block of DICE CRCC comprises the following “technologies” (not a comprehensive list):

= Reciprocating Internal Combustion Engine (RICE)
= Gas Turbine
- Gas Compression
- Combustion
- Gas Expansion
=  Waste Heat Recovery
= Steam Turbine
= Alternating Current Synchronous Machine

- Motor
- Generator
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It should be highlighted that there is interchangeability between the terms “technology” and the
“equipment” representing a particular technology. All technologies enumerated above are at TRL
9 when used with a conventional liquid or gaseous fuel.

From a subsystem perspective, the technology gap is inherent in RICE when burning an
unconventional fuel (i.e., coal-water slurry in this case). In this particular case, the technology is
referred to as Direct Injection Carbon Engine (DICE). Even then, note that DICE comprises
various “subsystems”, which are “technologies” in their own right, i.e.

= “Stock” engine comprising
- Engine block/cylinders

Pistons

Crankshaft

Camshaft

Fuel injectors

=  Turbocharger

= Synchronous alternating current (AC) generator

= Lubrication system

= Engine cooling system

= Charge air cooling system

The vast majority of all “subsystem technologies” in DICE are at TRL 9. The exception is the
fuel (MRC) preparation and fuel injection system, which is discussed in detail below.

For N subsystems in a system with N — 1 subsystems at TRL 9 and one system at, say, TRL 4, can
one take the average (it can even be a somehow “weighted” average) and state that the system is
at, say, TRL 8.2? This may not always be the case because a system is like a chain, it is as strong
as its weakest link.

The other key vexing question is this: If the subsystem in question is developed from TRL X <9
to TRL 9, can it be introduced into any existing system framework (with all other subsystems at
TRL 9) so that the new system will be at TRL 9? Specifically:

= Ifthe fuel injection system is brought to TRL 9 by using a RICE platform from OEM' X, can
one say that any RICE (from OEM Y or Z) can be transformed to DICE at TRL 9?
= [fDICE is brought to TRL 9, can one say that DICE CRCC can be deemed to be at TRL 9?

The answer to the second question is VO, because, while individual subsystems are at TRL 9, their
seamless integration into a fully functional system may NOT work and may require system
modifications. Due to the modular nature of DICE CRCC, however, moving from TRL 6 (pilot
plant) to TRL 9 should be relatively straightforward. The focus is primarily on the interaction
between the DICE and the expander in turbocompound configuration. There is field experience

! Original Equipment Manufacturer (OEM)
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in very similar applications (see Appendix A). The development path is more of a “risk
elimination” exercise rather than closing a “technology gap”

The answer to the first question is NO as well due to the other “risks” (not “gaps” per se) involved
in the DICE (enumerated and discussed in detail in section 1.3), i.e.:

= Combustion, specifically, ignition characteristics of the CWS fuel
= Wear and tear of components (cylinder walls, rings, pistons) due to ash particles
* Fouling of components

Finally, production of the CWS fuel itself is a technology, which is not at TRL 9 either. This is
discussed in detail in Section 1.5. In this case, additional technology risks are present due to the
variances in reliability among the different coal feedstock (i.e., bituminous, subbituminous or
lignite with differences in quality and composition from mine to mine in each category).
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1.4  DICE CRCC (POWER BLOCK) TECHNOLOGY GAPS AND RISKS

A partial list of the technology OEMs for major equipment including standard, off-the-shelf
equipment, and commercially mature in the power generation block (DICE CRCC) are listed
below.

= Major equipment needed:

- Reciprocating internal combustion engines (RICE)
o Medium-speed, large-bore
o MAN, Wirtsila

- Hot gas expander (HGE)
o Baker Hughes

- Main air compressor
o Integrally-geared, centrifugal process compressor with intercooling
o Kobelco, Dresser-Rand

- Heat recovery steam generator (HRSG)
o Single-pressure, non-reheat with duct burner and SCR/CO catalyst
o NEM, Nooter Eriksen, Vogt

- Steam turbine generator
o Back-pressure (non-condensing)
o GE, Siemens (Dresser-Rand), Elliott

- Particle removal equipment
o Third Stage Separator (TSS) used in FCC applications
o Honeywell UOP
o Shell

All of the major pieces of equipment are off-the-shelf and commercially mature products (i.e.,
representing TRL 9) except the RICE, which requires the following modifications to DICE:

= New fuel injector
= (Cylinder/piston coating (with carbide)

The project team is planning to cooperate with CSIRO to further the development of these
modifications in the next phase of work (CoalFIRST Critical Components Development).

The definitive associated technology gaps and risks as well as the development pathways are
discussed in depth in Section 2 and Section 3.

It is also highlighted that:

= Bechtel has worked with all of the major OEMs of major equipment used in power generation
and process
= Bechtel has access to data and information on the equipment included in the proposed concept
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Section 2 DICE Technology Gaps and Risks

Prima facie, technology gaps and risks associated with the DICE CRCC concept are not
overwhelmingly large. The least-proven part of the cycle is DICE, which is a reciprocating
internal combustion engine (RICE) fired with a coal-water slurry fuel (roughly 45 weight percent
(wt %) water). Even DICE has ample R&D and field operation history behind it (e.g., please refer
to Nicol [1] and the extensive bibliography therein). One prominent example is medium-speed,
large-bore RICE by Wirtsila, which has been successfully operated with Orimulsion in Finland

[2].
21 LIMITATIONS AND ADAPTATIONS OF CURRENT ENGINES FOR DICE

While atomized MRC burns well in diesel engines, the engines require several essential
modifications, and the engine also need to be low-medium speed (preferrably <500 rpm) to allow
for longer combustion time and to reduce the fineness of atomization required to achieve efficient
combustion.

To some extent these modifications are already used for commercial engines using Orimulsion and
MSAR (bitumen-water emulsions — a close proxy for coal-based slurry in terms of combustion),
high pressure gas, liquefied gases and alcohols. However, additional essential modifications are
required for DICE. While most of these modifications involve straightforward engineering,
several critical components will require redesign. The limitations and adaption of current engines
for DICE is discussed for the following aspects:

e Cylinder size and speed
e Wear coatings

e Piston

e Ring shape

e Dual injection

e Injector

e Exhaust ducting

e (Cylinder drains

e Turbocharger

2.1.1  Size and Speed

For coal, the cylinder size should be as large as possible and the engine speed as low as possible —
larger and slower, respectively, than economically optimal for comparable installations using fuel
oils and gas. Although low-speed engines cost proportionally more per MW, the benefits for coal
are a reduction in cylinder wear and an increase in wear tolerance due to larger component sizes.
In addition to increased wear tolerance, large bore and low speed mean that fineness of MRC
atomization is less critical, and this allows both larger orifices (resulting in longer fuel jets) in the
atomizer nozzle and lower injection pressure. Both are essential to reducing nozzle wear. A larger

O Nexanr 100 DICE CRCC Pre-FEED Study 84
Technology Gap Analysis Report



bore also increases the space available for the injector, which for MRC will likely be larger to
accommodate ceramic components.

21.2  Fuel Supply System

Conventional fuel supply systems are unsuitable for MRC and will require redesign to avoid
clogging and wear issues. The MRC supply system should provide a small, controlled circulation
flow around the fuel rail and through the injectors to enable rapid flushing of the system and to
eliminate clogging of the fuel system when the engine is not in operation. This circulating flow
should be down through the injectors suction valve to the seat of the needle valve and be controlled
either electronically or from the same oil that actuates the fuel pump plunger. The spring-loaded
inertial valves often used with HFO are not recommended desirable due to the variable flow
properties of MRC (shear thinning) and seat wear.

It is recommended that a twin pump low-pressure fuel system is used, with one pump controlling
the pressure in the circulating flow, and the other used to control the return flow — as described in
more detail in Section 3.1 of the Performance Results Report.

2.1.3 Injectors

Conventional injection equipment, including pump-line-nozzle, hydraulically actuated
electronically controlled unit injectors (HEUI), mechanically actuated electronic controlled unit
injectors (MEUI) and common rail injectors are completely unsuitable for MRC due to
instantaneous jamming of sliding parts with coal particles, clogging of fuel galleries, and rapid
wear due to erosion/cavitation. Required modifications are summarized as follow:

Jamming of any sliding surfaces wetted by the fuel -- This is especially the case for the fuel
pump plunger and the cut-off needle valve spindle, which will jam solid within several injection
cycles unless protected by a higher-pressure seal oil. This also precludes the use of a conventional
jerk pump with spill ports to control injection rate.

Clogging of fuel ways if the fuel is allowed to remain stagnant — This will occur especially if
the engine is hot and the fuel has been repeatedly pressurized to injection pressure (which can
destabilize the fuel). This means that flushing of the fuel system is necessary either before or
immediately after stopping of the engine.

Erosive wear of fuel system components — This occurs not just to the atomizer orifices, but also
for the non-return valve seat and the needle valve seat. The size of fuel galleries must also be
increased to reduce fuel velocities to below 10 m/s if possible. Velocities over 20 m/s will cause
galleries to wear. Erosive wear is further accelerated by corrosion-erosion mechanism if materials
subjected to high-velocity fuel are not sufficiently hard and corrosion-resistant.

Cavitation wear is increased with MRC due to the higher vapor pressure of the fuel’s continuous
phase (water), and also due to its higher viscosity. Other fuel properties may contribute to
cavitation, including the high particulates loading and the strongly shear-thinning nature of MRC,
which tends to channel flow.
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2131 Piston

The piston bowls of modern engines are shallow and wide for less intense fuel-air mixing to reduce
peak combustion temperatures and NOx formation: NOx should not be an issue due to the cooling
effect of the fuel water — but requires full scale demonstration. Although the optimum shape for
MRC has not been identified, it is probable that the older-style, deeper bowl, higher squish piston
will give better results by providing faster and more complete fuel air mixing, which effectively
increases the combustion time and allows the use of lower excess combustion air. The latter will
also result in a higher charge temperature at the start of injection, further improving both ignition
and combustion. Fuel-air mixing for DICE is also likely to be enhanced by the need for additional
nozzle orifices to pass the higher fuel volume of MRC. A deeper bowl piston is also expected to
reduce fuel contamination of the upper cylinder bore.

21.3.2 Piston Rings

There has been little published R&D on ring design for MRC. Conventional ring designs with
hard coatings have given reasonable performance with MRC — but tests appear to have been of
short duration (a maximum of 200 hours continuous). It is speculated that an optimized ring design
will be necessary to minimize wear via 1) additional cylinder lubrication to carry away char and
ash contamination of the cylinder wear surface, 2) avoiding Brinnelling by hard ash particles
means that pressure equalisation across the ring pack will be more important which also increases
the minimum oil film thickness, 3) ring porting/draining needs to be increased to allow for a step
increase in particulates (ash and char) in the lubricant film, 4) ring shape may need to be changed
to increase down scrap of contaminated lubricant to collection points. Piston ring rotation would
also assist in evacuating contaminated oil grunge from behind the rings.

2.1.3.3 Materials

In general, the materials used for the critical components in the fuel system, piston rings and
cylinder liner in conventional diesel engines are unsuitable for MRC. High hardness is essential
to avoid abrasive wear from coal ash. Although ceramic coatings are available for piston rings
and liners, conventional hard coatings are generally too thin to prevent the Brinelling effect of
large hard fly ash particles — i.e. indenting through the hard coating into the softer substrate.
Thicker, more monolithic coatings will be necessary with binders that are resistant to corrosion
and grain plucking. The injector nozzle is particularly challenging. Although conventional
polycrystalline diamond compacts have been shown to be effective in managing nozzle abrasive
and cavitation wear of nozzles, the newer nanoparticle compacts of polycrystalline diamond or
cubic boron nitride are expected to give an even better performance — and are tougher. These
materials should also be used for fuel system valve seats and needles/poppets. A redesign of the
injector is required to utilize these ceramics, in particular, as the ceramic components require an
increase in component cross-section to compensate for lower tensile strength.

MRC can be handled using conventional steels (as for coal water fuels); however, it is
recommended that components downstream of the fuel strainer are constructed from stainless steel
— especially the engine fuel delivery system and high-pressure injection system. This is to reduce
scaling and erosion-corrosion. For pump and injector bodies, steels recently developed for biofuel
should be considered (e.g. Duval TN15 or similar).
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2.1.3.4 Exhaust Ducting

Conventional horizontal ducting between the turbocharger turbine outlet and emissions control
equipment will likely result in ash deposits on the lower surfaces of ducting — especially from shed
ash deposits. Minimizing horizontal runs, live bottom ducts (e.g. equipped with drag chains),
dropout boxes, soot blowers, and other measures will need to be used to prevent deposition from
becoming an issue.

21.3.5 Dual Injection

A dual injection system will be necessary to allow the engine to start and warm-up on diesel or
lighter fuel oil, and to enable pilot injection to control ignition (depending on the MRC quality).
For some engines, the fuel oil side of the existing dual-fuel system may be used - possibly
downsized to match only starting and pilot rating.

21.3.6  Cylinder Lubricant Drains

To accommodate increased particulates contamination of the cylinder lubricant film, increased
cylinder lubrication is required, with provision to collect contaminated down scrap of lubricant
(e.g. using a spiral/circumferential oil collection groove(s) near the bottom of the stroke). This
arrangement will enable dirty lubricant to be routed out of the engine for separate deep cleaning
using a centrifuge, thereby reducing the filtration load on the crankcase lubricant system.

21.3.7 Turbocharger

Coarse particulate matter in the engine exhaust will cause inlet vane and turbine erosion, especially
for particles larger than (say) 10um. While the bulk of the flyash is likely to be finer than this
value (larger cenospheres are unlikely to be an issue as they are spherical and being hollow have
a small equivalent aerodynamic diameter), ash deposits shedding from inside the engine and
exhaust ducting will be larger. For this reason, turbines and inlet vanes will require hard facing —
as used for large low-speed 2-stroke marine engines using heavy and residual fuel oils.
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2.2 DICE TECHNOLOGY GAPS

While it is believed that there are no technical limitations concerning adapting an engine for
DICE (this is an engineering issue only), there are a number of technology gaps that continue to
hamper development. As these involve both the fuel and the engine, these gaps are discussed
under that of a new fuel cycle involving the production of new fuel, for adapted engines for new
coal generation markets

= For the fuel, this includes producing a suitable slurry fuel from coal that is exclusively used in
boilers, and for which no experience with DICE exists

= Measurement of parameters requisite to predict coal suitability

= For the engine these involve items critical to producing a commercial engine with acceptable
longevity and RAM? requirements

= Overall, there is a lack of logistics/infrastructure for a DICE fuel cycle

= Emissions prediction, especially, particulate matter (PM) 2.5, NOx and CO, requires
significant field experience and system tuning

While all of the issues were considered to some extent in the comprehensive USDOE program
from 1978-92 (which focused on bituminous coal replacing diesel fuel), this data is only partially
relevant to the present initiative which is for a sub-bituminous coal particle size distribution, new
abrasion-resistant materials, manufacturing techniques, and larger capacity stationary generation.
Also, there has been a range of new technologies and business drivers over the last 25 years, for
example, more efficient mills, new abrasion-resistant materials, manufacturing methods,
electronic control, the rise of the reciprocating engine for both decentralized and baseload
generation.

What is lacking is an understanding of the trade-offs between fuel quality and engine
modifications, and this balance should be reassessed in the context of developments in ultra-hard
materials and manufacturing techniques introduced over the last 25 years.

Table 2-1 summarizes the currently known technology gaps. .

2 Reliability, Availability, and Maintainability (RAM)
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Table 2-1

Perceived DICE Technology Gaps

Technology gap

Description

Importance

Processing and
formulation of
subbituminous coal

De-ashing by flotation or
selective agglomeration may
result in a higher product ash
Lower rank coals can make
excellent MRC if the surface
properties are altered and any
porosity reduced (e.g. by
hydrothermal treatment or low
temperature carbonization)
Cost effective additive packs to
provide optimal solids content
and rheology

High

(trade-off between fuel cost
and engine cost)

Fuel logistics

Fuel quality standards including
suitable performance tests
need to be established
Pulverized coal and fuel oll
standards do not apply for
DICE

CSIRO has a number of DICE
fuel tests which could be used

High

Fuel-engine
interactions

Very little data for
subbituminous coals

The occurrence of mineral
matter in the processed coal
will have a big influence on the
required engine adaptations
(armoring) and repairs and
maintenance (R&M) costs
However, expect only a small
increase in engine capital cost
due to special componentry (for
the Nth engine)

High

Engine design

Current designs and materials
of construction assume clean
fuel. This limitation applies to
the fuel supply system, the
injection system, cylinder
components, exhaust valve
seats, exhaust system,
turbocharger turbine, and heat
recovery systems.

High
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Technology gap

Description

Importance

Engine maker philosophy — the
fuel needs to match the engine

High — potential large new
markets using lower cost fuel
needs to be valued

Next generation DICE
fuel systems

Atomization and atomizer
longevity is the absolute
essential requirement/obstacle
to DICE

The existing practice of
pressure atomization is a quick
fix — it works, but not for very
long

Air blast atomization can solve
this problem but requires more
adaptation to the engine
systems

A change in engine philosophy
is required: new air blast could
be much better than that of the
1920’s, the benefits of DICE
warrant extra effort on the
engine, MRC is a different fuel
that requires a different engine

Medium in the short term, but
could eliminate the atomizer
problem and result in relaxed
fuel quality requirements

High

Engine manufacturers
currently adopt the view that
the fuel must match the
engine. The opposite could be
optimal for DICE

New coal philosophy —
life-cycle analysis
(LCA) based

DICE is a higher value market
for coal. A new philosophy
around quality and optimizing
the overall coal fuel cycle is
required. For example higher
ash MRC could be used as a
boiler low load or light-up fuel,
creating operations for MRC
with higher ash fractions to PC
boilers, mining of tailings dams,
other higher value end-uses for
MRC quality coals

The highly flexible nature of
DICE could directly underpin a
high penetration of intermittent
renewables

High

Potential to reinvigorate the
industry

High

New system boundaries need
to be established — with coal
and DICE
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2.3  TECHNICAL RISKS AND ISSUES

The key technical risks and issues associated with developing DICE — based on recent CSIRO
experiences, are as follows, in decreasing order of importance:

2.3.1  Commitment

Ensuring commitment of both the engine manufacture and fuel supplier/fuel chain as this involves
producing and using a fuel that is new to the world — this requires industry backing and
commitment to not only undertake the engineering RD&D, but also to establish new logistics
(including tests for quality, OH&S, public perceptions). If a holistic development approach is not
taken, development could stall due to a chicken-and-egg situation between fuel supply and
availability of suitable engines.

2.3.2 Tradeoffs

Establishing at the outset nominal trade-offs between fuel quality and engine modifications. The
engine manufacturer will likely insist that the fuel is produced to suit the engine and the fuel
supplier that the engine is adapted to suit the fuel. Although a full-scale demonstration is required
to quantify the optimum quality-engine adaptations, an early decision should be made on fuel
quality targets to give an acceptable overall generation cost. Other changes are also required: For
the coal supplier, MRC must be regarded as a premium fuel and prepared and handled accordingly;
for the engine manufacturer it should be accepted that MRC is not a fuel oil, and that DICE will
require substantial changes to engine manufacturers to incorporate new materials and changes to
the base engine (e.g. a new fuel system, revised cylinder heads to accommodate a larger injector,
increased crankcase lubricant cleaning, revised exhaust ducting and turbine materials etc)..

2.3.3 Development Philosophy

Ensuring that both the engine manufacturer and fuel supply parties agree with the engine
development program. There are two diametrically opposite pathways to achieving a commercial
engine: 1) develop and test what is considered to be key components prior to undertaking the
engine tests/demonstration, or 2) undertake engine tests early with adapted components to identify
and prioritize component development needs and learn by doing. This single issue was the cause
for termination of the recent CSIRO project with an engine manufacturer and the Australian coal
industry: The coal industry disagreed with OEM’s approach (which was a 3-5 year program based
on early engine trials prior to component development) to develop a commercial engine for DICE.
It is emphasized that the program was not terminated on technical grounds — only conflicting
philosophies on how development should proceed.

2.34 Supporting R&D

Including a parallel program to develop and establish fuel cycle logistics. This should include
identifying/developing suitable tests for the fuel — which will likely involve a hybrid of fuel oil
and coal type tests. It is recommended that a high degree of importance is placed on understanding
how the inorganics in the as mined coal report to the MRC fuel, the exhaust gases, and the wear
implications — especially for the injector nozzles and cylinder components. For example,
depending on the coal and the cleaning methods used, around one-third of the ash content (in, say
a 2% ash coal) could be derived from organically bound or finely disseminated mineral matter
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which will have different wear implications that coarser extraneous quartz particles. Another key
area is MRC rheology: If'this is correct the relatively high viscosity fuel will inject as well as fuel
oil and will be safe to store without agitation. If not, fuel system and injector nozzle blockages
will result, and fuel tanks settle to form a compacted sludge.

2.3.5 Engine-ready MRC

Developing a cost effective, engine ready fuel. For bituminous coals fully commercial
technologies are available to do this. For lower rank coals such as Powder River Basin coal, some
development is required to ensure sufficiently low mineral content and to allow an MRC with over
50% coal to be produced with acceptable rheology.

2.3.6 Engine Modification

The minimum modifications to enable an engine trial, for example, to obtain combustion and heat
release data, and to identify other issues, is a seal oil protected injector and fuel pump. Using a
standard tool steel nozzle should enable 5-10 hours of consistent operation to gain early engine
performance data and to refine the component development program.
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24

KEY R&D REQUIREMENTS FOR DEVELOPMENT

The technical R&D requirements are discussed below in the context of developing an overall
fuel cycle that is ready for commercialization by 2030:

241

Fuel development (elaborated in detail in Section 3.1)
Engine component development

Logistics.

Engine Component R&D

Engine component R&D is mostly for fuel delivery and injection systems, including materials
selection. Key areas include:

Wear coatings for the piston rings and cylinder walls
Piston bowl shape
Ring shape

An MRC injection system with seal oil protected sliding surfaces and ceramic valves and
atomizer nozzle.

Exhaust ducting - reengineered to manage ash dropout
Cylinder lubricant drains to remove contaminated oil
Turbocharger armoring

Reengineered fuel delivery system

These are described in more detail under development imperatives and the development pathway

below.

242

Logistics R&D

DICE is a potential new market for both coal and reciprocating engines that requires the
establishment of new fuel cycle logistics, especially fuel quality standards, and fuel supply
logistics. These are described in more detail under development imperatives and the development
pathway below
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Section 3 Fuel Production Technology Gaps And Risks

The fuel burned in DICE is in the form of a “slurry”, which is defined as a “semi-liquid mixture,
typically of fine particles of solids /in our case, coal] suspended in water”. The coal-water slurry
(CWS) fuel has to be prepared before being used in DICE. This process can take one of the two
forms:

= A central fuel processing plant (analogous to a petroleum refinery producing gasoline and
diesel fuel among other products) serving many CWS-fired power plants

= A dedicated fuel processing plant serving each CWS-fired power plant

The CWS fuel processing power plant has two major functions:

= Creating “coal powder” to be mixed with water

= “Cleaning” the coal powder (commonly referred to as “beneficiation”) to reduce sulfur and ash

In the literature, cleaned, pulverized (or “powderized”) coal is also referred to as micronized
refined coal (MRC) because of the size of the fine coal particles (mean size of the order of 10 to
15 microns). Typical, CWS is a mixture of MRC and water in roughly equal amounts by weight
and has a consistency similar to that of paint. As an example, CWS properties from the USDOE’s
Clean Coal Technology program in 1994 are provided in Table 3-1 [3]. (Additives such as xanthan
gum and surfactants are used to control slurry viscosity; dispersants are added to prevent
agglomeration.)

Table 3-1
CWS Properties

(%) 49.24
nt (%) 49.25
: _ 1.51
00s1 50-100 cp
s 100-300 cp
12 microns
44 microns
88 microns

1.8

0.6
| 38.6
u/lb) 15 300
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Ideal MRC properties for black (“high rank” or bituminous) and brown (“low rank”,
subbituminous or lignite) coals are provided in Table 3-2 [4].

Table 3-2
MRC Properties

Property Black Brown
HHV (MJIL) 21-25 16-19
Mineral ash {wt% dry) 1-2 0.2-1
Total ash (wit% dry) 12 2-3
Viscosity (apparent, mPa.s)
@100/ (pumping) 200-500 400-700
{@100,000/s {injection) 100-300 200-400
Unstirred settling rates(stagnant)
mm/month 15 1-5
Particle size d50 prm 10-15 10-15

d95 pm 50 70

Cost including coal ($/GJ) $4-6 $2-3

Neither coal pulverization nor coal cleaning/beneficiation requires “invention” of new
technologies. Currently available physical and chemical cleaning technologies can readily
eliminate ash (including mineral sulfur) but there is a cost-performance trade-off as illustrated in
Figure 3-1 [1]. Reducing the MRC specification from 2 wt% to 1 wt% can easily triple the coal
processing cost.

Figure 3-1
Coal Beneficiation Cost (in Australian Dollars)
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3.1 FUEL DEVELOPMENT NEEDS
3.11  FuelR&D

Cost-effective fuel processing to meet a specification that is suitable for DICE is essential. For
most coals, this will require producing a finer and lower ash product than for existing markets —
but without the usual moisture constraints. Three steps are involved, and all require R&D and
testing to optimize the processing for the specified feed coal.

1. Demineralizing and densification
2. Micronizing and slurry production
3. Blending

The steps and nominal targets for both R&D and test work is described below, based on CSIRO’s
experience with 48 coals.

3.1.1.1  Demineralizing and Densification

The first step is to produce feed coal with sufficiently low ash, and without coarse, hard minerals
such as quartz, pyrites or rutile. It is important to recognize that this requires low temperature
plasma ashing (LTA), followed by quantitative X-ray diffraction (XRD), to determine the mineral
species. This complements a standard coal ash analysis. From recent experience, this step will
be challenging for the sub-bituminous PRB coal proposed, as deep cleaning by a highly selective
process, such as flotation or selective agglomeration, is likely to be less effective than for
bituminous coals —resulting in both higher product ash and lower recovery. Ideally, cleaning
would be undertaken on densified material — e.g. after pretreatment by hydrothermal treatment.
Hydrothermal treatment is also known to reduce hydrophilic surface groups and oxygen content
(slightly), which further assist in both cleaning and by increasing calorific value of the fuel slurry.

3.1.1.2  Micronizing and Slurry Production

The second step is to micronize the cleaned feed coal. Ideally, this is by higher efficiency wet
milling with the required slurry water plus additives. For a 500 rpm engine, a conservative top
size (d97) is 65pum. The aim is to produce a size distribution that will have a good packing
efficiency, which maximizes the coal loading and therefore calorific value of the fuel.

Unless a cleaning step follows micronizing (as would be the case for bituminous coal), micronizing
should be undertaken with steel mill media, as ceramic media can chip and cause unacceptable
contamination. If steel media is used, the fuel will pickup some Fe, but as discussed below, this
iron pickup can improve fuel rheology.

3.11.3 Blending and Trimming

It is unlikely that a fuel freshly micronized and slurried in Step 2 will have acceptable rheology.
A significant improvement in fuel rheology requires a combination of further blending and aging.
Blending is most efficiently undertaken using a combination of a high shear mixer (eg Eirich-type
paddle mixer) followed by a longer period of low-intensity mixing (eg a Visco-jet or similar).
Experience has shown that the energy required for the high-intensity mixing stage can be as high
as 30-50% of that of micronizing. The low shear mixing could also be provided by storage tank
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agitation. During the blending and trimming step, the rheology of the MRC should be measured
for the shear rate range 0.1-3000/s (or higher) to ensure the shear thinning behavior of the MRC.
Additional trim additions of a surfactant or thickening agent may be required to achieve these
properties.

Examples of additions for Australian bituminous and lignite coals are shown in Table 3-3.

Table 3-3
Nominal Additives Used to Produce MRC

Purpose Example Range Comment

wt%!

Dispersant Polystyrene sulfonate 0.1-0.5 Needs to be optimized for
the coal. Other dispersants
may be more economical

Stabiliser Carboxymethylcellulose | 0 0.1 Often not required, can
interfer with the dispersant

Auxillary Soluble Fe or Ca 0.01-0.1 Bridging agent. Most
effective for bituminous
coals.  Not required for
alkaline ash coals

Biocide From vendors 0.0-0.1 Usually not required

1 active ingredient, dry coal basis

As a general comment, processed lignite and sub-bituminous coal usually produce excellent fuel
slurries from a stability and shear thinning perspective; however, porosity and residual surface
groups reduce the coal content and, therefore, the calorific value of the fuel for a given viscosity.
The other factor that affects the coal content of the slurry is the particle size distribution, which
determines the packing efficiency (can be calculated).

3.1.2  Further Research Studies

Suggestions for research studies that would assist in de-risking the fuel technology for bituminous
and sub-bituminous coals are given below. It should be noted that not all of these studies may be
required — as work progresses, the research will be amended to achieve the goal cost effectively

3.1.21 Mineral Matter

= Identify the mineral species in the coal (LTA plus XRD, and the size distribution of the various
minerals by SEM - very useful in considering beneficiation issues and options.

» Optimize mineral removal from micronized coal(with and without hydrothermal treatment),
using flotation or other physical separation procedures- how much of which mineral species is
removed?. This study will include the effect of flotation aids/chemicals on slurry rheology.
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Dewatering is required after flotation, which requires a dilute (~5%) slurry. Research is
required to develop the most cost-effective dewatering technology and to optimize dewatering
aids, prior to fuel slurry formulation.

3.1.2.2 Surface Groups

= For lower rank coals, the level of carboxylic acid/carboxylate surface groups should be
measured (e.g. by a titration procedure).

= [finsufficient surface groups are present to achieve stability and shear thinning studies will be
undertaken to determine how can they be generated at minimal cost for bituminous and sub-
bituminous coals (eg by increasing surface oxidation using chemicals or electrolysis).

= Additives such as calcium ions have a very beneficial effect on bituminous coal slurries, with
small additions (<0.02%) changing slurries from shear thickening to shear thinning. Is this
effective for the target coal, and what is the effect when combined with a dispersant?

= What is the effect of hydrothermal treatment (and perhaps other treatments such as
compression, or low temperature pyrolysis) on the coal properties such as surface groups and
porosity may need to be assessed, as coal characterization proceeds.

3.1.23 Milling/Micronization

= [t may be possible to wet micronize the coal to achieve the final slurry coal. concentration.
This would have the benefit of avoiding an additional trim dewatering step, especially if a dry
beneficiation process was used

3.1.24  Slurry Generation

* Mixing conditions (time, intensity, dispersant, type of mixer) are known to affect the properties
of the slurry, but this depends on the coal and additives used. Experimentation is required to
optimize mixing for the particular coal

31.2.5 Fuel Stability

= (Coal slurries can be adversely affected by bacteria and may need biocides to maintain stability.
Work is required to determine if biocide, if required, and identify formulations that do not
negatively affect slurry rheology. CSIRO has had a bacterial problem with only 2 coals to date
(out 0f 48). However, other research groups have experienced significant bacterial issues.

= Stability tests - many of the tests in the literature are focussed on comparatively short term
stability (days to weeks). There is a need for tests that are relevant to commercial operations
associated with storage and transport (months)

= Stability tests — many of the tests in the literature are focused on comparatively short-term
stability (days to weeks). There is a definitive need for tests that are relevant to commercial
operations associated with storage and transport (months)
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32  CWSPROCESSING PLANTS

CWS processing plants in pilot scale has been designed, built and operated in the past. Key
examples are:

= University of North Dakota’s Energy & Environmental Research Center (EERC) CWS
production process with hot water drying (using Kentucky and Usibelli coals) [5,6]
= Jameson Flotation Cell (Glencore Technology) in Australia [7]

A comprehensive review can be found in Nicol [1]. However, so far, no commercial-scale CWS
production facility which is commensurate with the stringent requirements of DICE application
has been built. In order to have an idea about the “commercial scale”, the DICE considered in this
project (about 16 MWe generator output) consumes CWS at a rate of 18,750 Ib/hr (about 8.5
metric tons per hour). The proposed power plant is based on five DICE units.

In order to design the appropriate CWS processing plant, properties of the coal feedstock should
be analyzed in great depth. The first step is to obtain a small sample of the coal feedstock to
determine if grinding to finer particle sizes liberates the ash. If grinding does not liberate the ash,
some cleaning technologies may not be able to produce a low ash coal. Additional lab work would
be required to determine the best approach to clean the coal. As discussed in detail, this is not an
easy task:

The design basis coal for the present project is low-sulfur, subbituminous Power River Basin
(PRB) coal (a low rank coal) with proximate and ultimate analysis summarized in Table 3-4. In
his 1993 Master’s Thesis, Kong identified a total of 25 mineral phases in the samples from the Big
Sky and Absaloka mines in the Rosebud subbituminous coal seam [8]. (The Big Sky samples were
taken from different layers of the seam.) Mineral concentrations ranged between 5 wt% and 15
wt% on a whole coal basis (see Table 3-5). Pyrite (FeS>) was the only important sulfide mineral
identified. In the B-I sample in Table 3-5, pyrite was 8.5 wt% on coal basis; in B-III sample, it
accounted for 2.5 wt%. In the others, pyrite content changed between 0.15 wt% and 1.29 wt%.
The data and information clearly illustrates the difficulty of predicting de-ashing effectiveness and
MRC product quality from proximate or ultimate analysis.
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Table 3-4
Design Basis Coal Analysis

Rank Sub-Bituminous
Seam Montana Rosebud
Source Montana

Proximate Analysis (weight %)*

As Received Dry
Moisture 25.77 0.00
Ash 519 11.04
Volatile Matter 30.34 40.87
Fixed Carbon 35.7 48.09
Total 100.00 100.00
Sulfur 0.73 0.98
HHV. kIkg (Brw/b) 19,920 (8.564) 26,787 (11,516)
LHV. kI'kg (Btuw/1Ib) 19.195 (8.252) 25.810(11.096)

Ultimate Analysis (weight %)

As Received Dry
Moisture 2577 0.00
Carbon 50.07 67.45
Hydrogen 3.38 456
Nitrogen 0.71 0.96
Chlorine 0.01 0.01
Sulfur 0.73 0.98
Ash 8.19 10.91
Oxygen® 11.14 15.01
Total 100.00 100.00

The average total mineral content of the five Big Sky mine samples (B-I through B-V) in Table
3-51is 7.35 wt%. Ignoring the outlier B-I, the average is 5.84 wt%. Accounting for the sulfur in
pyrite, non-sulfur mineral content average is 6.17 wt%; without the outlier B-I, the average is 5.33
wt%. At the risk of being somewhat optimistic, we have assumed that non-sulfur mineral content
of the design basis coal is 6.7 wt% so that the cleaned coal ash content can be reduced to 1.5 wt%.
As far as the sulfur is concerned, we decided to be less optimistic and have assumed that 20% of
the sulfur in the “as-received” coal is inorganic and can be removed during beneficiation.
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Beneficiated “clean” coal properties (dry basis) are shown in Figure 3-2. The improvement in heat
content on a higher heating value (HHV) basis is 29,748 / 26,787 = 1.11 or 11 percent.

Table 3-5
Mineral Content of Rosebud Coal Seam Samples (percent by weight)
Mine B-l | B-ll | B-lll | B-IV| B-V | AO6 | Average
Total Mineral | 14.91 | 4.98 | 8.88 | 4.76 | 5.33 | 5.23| 7.35
Pyrite 845 1046 | 25 |0.34]|015|1.29| 2.20
S (Pyrite) 452 10.25/1.34/0.18/0.08/0.69| 1.18
Total - S 10.39 4.73|7.54 1458 | 525|454 | 6.17

Figure 3-2

Beneficiated “Clean” Feedstock Properties

Fuel Analpsis

iy

Fuel name |I‘--1|:|ntana Rozebud [DOE]

Sold type | Coal
Fuel zupply temperature
Iltimate Analysiz [weight percent]
Total moisture
Agh
Carbon
Hydrogen
Mitrogen
Chlorine
Sulfur
Dspgen
Total

5

0

i

22

e

4.3

i

5.02

i

1.06

i

0.m

i

0.9

e

1E6.54

i

100.000

i

Ilpdate Fuel by Total
kizture Content...

Heating “alues [Moisture and Azh included]

HHY & 250 23478 |klikg
LHY (= 250 28382 |klikg
HY Estimation Method
E stimate Heating Values | |Du||:|r'|g j
Coal R ark

{* Automatic estimate " Uszer-defined

|nherent [az-mined] moisture 3z % of total moigture X

Coal rank |High-w:ulatile E biturninous J

This study assumes that the MRC composition is 45 wt% water and 55 wt% beneficiated and
micronized coal. The resulting MRC fuel composition is listed in Table 3-6. The LHV of'this fuel
is 14,513 kJ/kg (HHV is 16,214 kJ/kg). It should be emphasized that, for an accurate determination
of MRC composition, more detailed information about the feedstock (i.e., petrography data) is
requisite. Depending on the actual coal microstructure, final MRC ash content can be 2 wt% or

higher.
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Table 3-6

Study MRC Composition
As Is (wt%) | Washed | Dry | Dry (Wt%) | Slurry | MRC (wt%)
Moisture 25.77 25.77 | 0.00 0.00 81.82 45.00
Carbon 50.07 50.07 [50.07| 74.31 74.31 40.87
Hydrogen 3.38 3.38 3.38 5.02 5.02 2.76
Nitrogen 0.71 0.71 0.71 1.05 1.05 0.58
Chlorine 0.01 0.01 0.01 0.01 0.01 0.01
Sulfur 0.73 0.58 0.58 0.87 0.87 0.48
Ash 8.19 1.49 1.49 2.21 2.21 1.21
Oxygen 11.14 1114 | 11.14 16.53 16.53 9.09
Total 100.00 93.15 |67.38| 100.00 | 181.82 100

It is noted that this MRC composition based on PRB coal as feedstock differs from that listed in
the coal beneficiation study in Appendix B. The MRC composition for this pre-FEED study
assumes 45 percent total moisture and 55 percent dry coal solids by weight. In the coal
beneficiation study performed by Sedgman, the coal beneficiation process OEM, it is assumed that
the MRC has a free moisture content of 45 percent by weight and that the 55 percent solids by
weight in the product still contains the inherent moisture of the PRB coal.

Due to the lower total moisture content of the MRC assumed in this study’s design, the
performance may be optimistic. The actual total moisture content of the MRC needs to be studied
further and verified via testing on actual coals. These tests should establish the moisture content
of the micronized coal and the minimum moisture content required for the slurried MRC to meet

DICE rheology requirements.
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3.3 TECHNOLOGY GAPS, RISKS, AND DEVELOPMENT PATHWAYS
3.3.1 Potential R&D Needs

For the typical commercial beneficiation process, there are currently no specific components,
equipment, or systems which require undertaking traditional R&D nor having any technology
gaps. However, as part of the overall beneficiation process, there are key commercially available
plant unit operations whose end-use application is novel - when beneficiation is based on coal.
As shown in Figure 3-3, these unit operations include fine grinding mill, ash removal (via rougher
flotation and cleaner flotation), and tailings handling.

Figure 3-3
Key Coal Beneficiation Unit Operations
RAW COAL -
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Based on the findings from the Performance Results and Cost Results reports, while the various
components for a conventional flotation-based coal beneficiation plant, as shown in Figure 3-3,
are all commercially available, the low overall product yield and tailings handling are areas that
need to be addressed in order for the process to be economically feasible.

In the DICE CRCC pre-FEED study that uses PRB coal as the feedstock to the beneficiation plant,
the overall product recovery yield was about 50 percent on both a mass and combustible value
basis. A consequence of this low product yield is the large quantity of reject tailings that, while
still containing significant heating value, is in slurry form, and has no commercial value. The
unsaleable tailings thus has to be disposed of in ash ponds, which constitute an environmental risk.
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While it is possible to process the reject slurry (via dewatering, briquetting, etc.) to a more
functional form, this requires additional energy and cost input. It is therefore key to address the
likely technology gap associated with disposing the otherwise unsaleable reject slurry tailings from
coal beneficiation.

It is of utmost importance to increase the product recovery yield to way beyond the current 50
percent. Doing so would not only decrease the coal feed required by the beneficiation plant, but
also minimize the quantity of reject tailings. It is understood that the hydrophilic nature of the
subbituminous coal as-is makes it difficult to achieve a high recovery via the conventional flotation
process for ash separation. Tests on various coal samples should therefore be undertaken to
identify coal types that can achieve maximum product recovery.

Virginia Tech has developed a process that can increase combustible recoveries of typically
hydrophilic materials such as PRB coals, which involves using an additive to increase their
hydrophobicity. Virginia Tech plans to investigate and develop this technology further under the
USDOE CoalFIRST Critical Components development program. Besides performing tests on a
variety of high- and low-rank coals, this technology can also be used to recover MRCs from waste
coals that are currently being discarded in the eastern US coal fields. If it can be demonstrated that
these waste coal fines can be successfully beneficiated to produce suitable CWF fuels for firing in
DICE, this substantially reduce the coal cost and produce MRC-based CWFs at cost below
$1.50/MMBtu. Supply of low-cost CWF fuels should expedite the commercialization of DICE
technology and ensure a success of the CoalFirst program.

Additionally, Virginia Tech’s process is understood to be able to reduce the inherent moisture of
the coal particles in the MRC via a mechanism known as dewatering by displacement (DbD),
described in US Patent 9,518,241. In this process, a hydrophobic liquid is introduced to displace
the water trapped within the coal’s pore structure and reduce its moisture. The resulting
hydrophobic liquid phase contains coal particles free of surface moisture and entrained droplets of
water stabilized by the coal particles, while the aqueous phase contains the mineral matter. By
separating the entrained water droplets from the coal particles mechanically, a clean coal product
of substantially reduced mineral matter and moisture contents is obtained. The spent hydrophobic
liquid is separated from the clean coal product and recycled.

Another advantage of Virginia Tech’s technology is that it processes the coal at a relatively coarse
size, which allows the rejects to be easily disposed of without the need for expensive dewatering
or environmentally hazardous ponds. Furthermore, the coarse product coal is dry yet does not
catch fire spontaneously during shipping, which allows for the beneficiated product to be shipped
to the DICE CRCC plant dry, where it is micronized and slurried on-site. This ability to ship a
relatively coarse, dry product that avoids spontaneous combustion is believed to be able to reduce
the overall fuel costs substantially.

O Nexanr 100 DICE CRCC Pre-FEED Study 104
Technology Gap Analysis Report



3.3.2 Development Pathway via Testing

Since there is no requirement for undertaking traditional R&D, there is however a need for a
commercial development pathway to definitively verify, validate, and confirm the key
assumptions, design/concept impact, and end-use application of the highlighted beneficiation unit
operations based on coal. Testing (e.g. combinations and permutations of laboratory based,
independent/third-party, or any performance testing) is highly recommended and required to be
undertaken. Currently, the beneficiation testing opportunities based on coal are limited since such
applications are primarily market-driven. For commercial end-use application, further testing and
development is required on specific coal types for optimal yield and efficiency for each of the key
unit operations covering:

* Fine Grinding Mill: Available proven technologies include impact and attrition mills.
Selection of most suitable grinding technology depends on various factors which include
product size, feed size, and energy consumption

= Ash Removal (via rougher/cleaner flotation): Different proven flotation technologies
available with different energy and reagent input requirements. The low ash concentration in
product coal (2 wt% db) is a potential challenge which need to be proven-out via testing

= Tailings Disposal/Utilization: There is no market value in slurry form. There is additional

energy/cost to process (dewatering, briquetting). Disposal and utilization is a function of
product yield (< 50% for PRB coal)

3.3.3 Testing Regime - Future Work Plan

From this study, items in proposed order of testing as discussed below, should be included in an
ongoing work plan to further progress the development pathway of MRC as fuel for the DICE
CRCC. As shown in Table 3-7, these tests will verify, validate, and confirm the key assumptions,
design/concept impact, component and equipment selection and sizing.

The specific detailed testing regime will be dependent on the final coal type(s) selected, availability
of sample, and the testing work budget and schedule.
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Table 3-7

Testing Required to Confirm Key Assumptions, Design/Concept Impact

Key Assumptions

Design/Concept Impact

Testing Required to Confirm

Feed quality size independent — all
feed processed

Pre-sizing requirements
Screening requirements
Feed handling system
(conveyors)

Size/ash analysis of feed
Coal Grain Analysis

Liberation of carbon requires
grinding to 100% passing 50 micron

Grinding technology and
power requirement
Downstream processing
technology and size (flotation
thickening, dewatering)

Size/ash analysis
Coal Grain Analysis
Grinding characteristics testing

Deep froth and high wash water
required for low ash product

Flotation technology

Flotation testing (tree flotation)

2 stage flotation required to reach
required product ash

Flotation plant layout and size
Power and consumables
requirement

Flotation testing (tree flotation)

24 hour product storage

Product slurry storage tank size
and number

Based on DICE CRCC pilot
plant

Feed Coal Analysis: One of the main drivers for the success of DICE CRCC is the feed coal
selection. The PRB coal is shown to be not ideal based on the current pre-FEED study. The low
product yield results in a large quantity of as-received feed requirement, while generating similarly
large quantities of tailings for disposal. Thus, bench-scale tests needed on various coals to
establish and select feed with the best available yield. As part of the testing regime, analysis on a
selection of possible feed coals should be carried out. A shortlist of possible feed coals with
suitable properties (ash, sulfur content, and energy levels) could be selected based on known
existing coal quality from different mine sites. The selection of the preferred coal type is a critical
component of any ongoing work as this will drive the downstream test work, the results of which
will determine equipment sizing and final project costs (e.g. capital and operating).

Coal Grain Analysis: Once a preferred coal source, or sources, are identified, the development
team shall carry-out detailed coal grain analysis on this coal to determine liberation requirements
to reach the required product ash level. The results of this analysis is critical to both the grinding
and flotation equipment selection.

Crushing and Grinding Test Work: Laboratory scale comminution tests (comminution is
particle size reduction by breaking, crushing, or grinding of ore, rock, coal, or other materials)
should be carried out on the selected coal to determine the energy inputs required for crushing and
grinding. These tests can be performed by a metallurgical testing laboratory or by sending samples
to equipment suppliers. The following tests are recommended:

= Drop shatter
= Hargrove grindability
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= Abrasion index testing

* Bond crushing work index or JK drop weight test
* Bond rod mill index

= Bond ball mill work index

= Signature plot and/or jar test

Flotation Tests: Flotation tests should be performed on freshly ground coal samples to avoid
oxidation of the particle surfaces which will adversely impact flotation performance. These can
be performed as part of a metallurgical laboratory suite of testing or samples can be sent to different
suppliers/technology providers. These tests will assist in determining:

= Flotation behavior of ultrafine feed material

= Suitable flotation technology

= Suitable flotation circuit configuration to achieve required performance (ash and yield) - e.g.
rougher-cleaner, rougher-scavenger, and rougher-cleaner-scavenger

= Reagent dosage required

= Froth carrying capacity

= Wash water requirements

= Froth depth requirements

The results of the flotation test work may require an iteration of the grinding work to be done.

The coal grain analysis will provide a target value for liberation size, however, the variability of
coal feed and inefficiencies of the flotation process may necessitate a finer grind to be performed
to realize the target ash. Ifthis is the case then iterative tests may need to be performed.

Thickening and Dewatering Tests: Both the product (concentrate) and tailings material from the
flotation test work would need to be collected to perform thickening and dewatering testing.

Thickener testing will help to determine thickener size, flocculant type and dosage rates.
Dewatering test work will help to size the dewatering equipment and assist in selection of the final
dewatering technology to use.

Rheology Characterization: To support the sizing and selection of agitators, pumps and piping a
range of range of rheology characterization should be undertaken on the key intermediate and final
product and tailings slurry streams. This testing will provide information on the deformation and
flow behavior of the slurry compositions expected in the plant.

Pilot Plant Operation: The proposed flowsheet utilizes commercially available equipment
however for most major equipment, as highlighted the commercial application to coal is novel. It
is therefore recommended that following the completion of the above initial laboratory scale
analysis, a pilot plant be constructed and operated to provide an indication of the expected
continuous performance. A nominal throughput of 1 ton per hour should be considered as basis
however the throughput will likely be based upon the size of the equipment commercially
available. Often equipment can be leased from one or more laboratory testing companies or
equipment suppliers. Evaluation of a suitable location for undertaking the test work should
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consider the proximity to the feed coal, the disposal method for the tailings/waste, and if the
product will be tested/utilized in the same location, i.e. a DICE CRCC pilot plant included with
the coal beneficiation pilot plant.
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Section 4 Development Coordination

4.1 OBJECTIVES

There is a need to work in close coordination with the DICE and coal beneficiation process
developers. For example, the ash content, sulfur content, rheology, among other beneficiated
MRC properties, need to be established between the DICE and coal beneficiation developers.

There must be an objective to develop this coordination under DOE CoalFIRST Critical
Components development program. Accordingly, there are two competing “chicken or egg”
factors that make a coordinated DICE development approach very difficult:

1. As clearly indicated by the findings of the pre-FEED study, a dedicated “fuel block” with
each DICE is clearly not an economically viable proposition

2. Without a readily available fuel supply, DICE technology is a dead end

While the obvious solution to widespread DICE deployment is a centralized “coal-water slurry
fuel factory” similar to a refinery producing gasoline or diesel fuel (after all, DICE CRCC is best
suited to distributed generation), the question that remains is also obvious:

Who would make the investment into such a fuel factory without a readily available
market for its product?

The second obvious question is a corollary of the first:

Who would make the investment into DICE technology without a readily available fuel
supply?

Evidently, the two questions can be formed into a single one:
What is the market for DICE (or another technology for that matter) firing coal?

The key problem to this is that unless there is a coordinated effort akin to a “Manhattan Project”
to “impose” widespread deployment of a modular, flexible and efficient coal-burning technology
such as DICE CRCC for distributed generation applications in a future generating portfolio with
heavy contribution from solar and wind energy (and other non-fossil fuel technologies).

Addressing this problem is certainly out of the scope of the pre-FEED study. However, it is still
necessary to come up with a coherent approach to develop the technology in a feasible manner to
TRL 8 or 9. The key obstacle in this endeavor is still the same, i.e., cost, and ultimately a question
of financing.
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4.2

DICE DEVELOPMENT PATHWAY

A development pathway is proposed in the context of a revised positioning of the DICE fuel cycle,
including:

Energy security

High thermal efficiency and lower CO2/MWh at small unit size
A new coal replacement for oil, coal and natural gas

Nimble generation to support variable electricity demand

Underpinning a high penetration of intermittent renewables (it is the CO» intensity of the
overall system that is key — not that of the individual technologies)

A first commercial DICE plant by 2030

Also, the program considers several development imperatives, de-risking by staged development
and scale-up risk, discussed per the following:

421

Development Imperatives

Recent R&D has highlighted development imperatives, which have shaped the proposed
development pathway:

1.

Securing the commitment of an engine OEM and component manufacturer (e.g., fuel
systems).

2. Development of a suitable large engine test facility (i.e. small-scale demonstration engine),
which is capable of firing MRC at near commercial scale conditions; for example, an inline
6-cylinder variant of a larger V18 cylinder engine suitable for commercial generation.

3. Small demonstration-scale engine tests to obtain key performance data on combustion,
using tonnage lots of consistent and high-quality MRC produced from larger fuel plants.

4. Detailed techno-economic assessment of DICE for different markets to assist with
developing engine and fuel targets, and to increase the case for industry commitment.

5. Detailed risk and hazard review to further de-risk the new fuel cycle, identify key
technology gaps/showstoppers, and to broaden stakeholder engagement.

6. Duration engine tests to investigate fouling. These tests could be performed using smaller
engine tests and a range of adapted boiler test methods, to avoid the need for producing a
larger tonnage amount of MRC and the costs of duration operation of the larger test engine.

7. R&D to obtain data for optimizing fuel handling logistics, and to enable engineered
systems to be developed for a range of scenarios (local generation, distributed generation,
export).

8. Developments in MRC standards, in particular, to account for the wide differences and
trade-off in MRC properties between different coals.

9. Developing an outreach program to ensure correct positioning and avoid negativities from
coal’s past image.
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4.2.2 De-risking with Staged Development

While the previous R&D has provided promising findings for a range of technical issues around
coal-engine interactions, this work can only provide a technology readiness level (TRL) of 4 for
most technical aspects. De-risking by increasing the TRL from 4 to 8 in order to justify (e.g. a 50
MWe) commercial demonstration project requires that appropriate small-scale demonstration tests
are undertaken — taking full benefit of the many technical improvements over the last 25 years.
DICE needs considerable development and demonstration to match the technical development of
current power generation technologies. However, this can be cost-effectively fast-tracked.
Compared to the incumbent technologies, DICE has strong technical merit because of the ability
to carry out a near-commercial scale demonstration at a relatively small size (e.g. 5 MW).

The 5 MW capacity engine-generator can be obtained in skid form, in a straight 6 configuration,
giving a cylinder of approximately 400 mm bore and operating at 500 rpm. The simple in-line
configuration and fewer cylinders ensure easier and faster incorporation of new components for
testing - essential to shortening development time. This includes the option of only needing to
make changes to one cylinder — which can also be swapped out as a complete power unit in a few
hours to facilitate testing.

The data, information, and experience gained from this engine would be directly applicable to a
larger semi-commercial demonstration (e.g. a V18 configuration producing 15 MW at 500 rpm).
It is envisaged that successful demonstration at this scale would lead to larger commercial
installations comprising multiple 15-20 MW engines, as is practiced for gas engine installations.
This would not entail any scale-up of DICE. Standard approach to reduce capital cost and to
improve overall efficiency is a conventional combined cycle. For higher efficiency, DICE CRCC
is the ideal solution.

42.3 Scale-Up Risk

The cylinder size, rating and power output from a single engine unit for the proposed development
steps to a full-size commercial engine are shown in Table 4-1).
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Table 4-1

Scale-Up Factors from Demonstration through to Large Comercial Installation

Development stage Bore Cylinder | Cylinders Plant Scale up
rating Units output
(cm) (kWe/cyl) (MWe)
Small scale demonstration 46 1000 6 5-6 1
Demonstration plant 46 1000 18 20 1
: : 18
First commercial 46 1000 . 100 1
5 units
: 18
Large commercial 4-stroke 63 2000 ) 200 2x
5 units
: 12
Large commercial 2-stroke 94 5000 . 360 5x
6 units

The scale-up factor (based on cylinder area) between the development stages is at most 2-5x, which

are relatively small scale-up steps that have low technical risk:

e The scale-ups are considered very conservative by the engine manufacturers — especially

if a National Test Facility is available to test the latest developments before deployment

¢ In contrast to many technologies, DICE has the advantage of being able to undertake near

full-scale demonstration at small-scale.

e As cylinder size increases, many of the technical issues associated with firing MRC
decrease (e.g., more time and space for combustion allows reduced atomization, and wear
effects also decrease).

Overall, it is envisaged that a staged development program could be established with an engine
manufacturer and OEMs (e.g. suppliers of injection and turbocharging components) to quickly
undertake the demonstration program, to enable commercial deployment by 2030.

424 Staged Development Program

The recommended program involves 3 stages, which allows sequential de-risking and the
development necessary to provide the experience and data required to develop the components to
adapt an engine for a demonstration plant. In comparison to other new technologies, DICE has
the advantage of being based entirely on relatively small adaptations of existing commercial
technology, and at a small scale to drastically shorten the time required to progress from single-

cylinder tests through to commercial deployment. The stages and timings are as follows:
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Stage 1 (2020-22)  Single-cylinder engine tests - component development, single-

cylinder engine tests, logistics and business cases

Stage 2 (2023-26)  DICE test facility and fuel plant (5 MW)

Stage 3 (2027-30)  Semi-commercial DICE plant (20 MW units)

The program timeline is also shown in Figure 4-1, with additional details on the individual
activities given below.

4.2.41

Stage 1 - Single-cylinder engine tests

These tests will provide both a focus and a framework for the entire fuel cycle, including:

Processes and experience in the production of (say) 20 mt of suitable fuel

Negotiation of a trade-off between fuel quality and engine modifications — both for short-
term tests and future commercial operations.

Hands-on experience with producing, handling and storage of bulk MRC fuel
Fuel quality testing

On-engine fuel handling experience, including both the low-pressure fuel supply system
and the high-pressure injection system

DICE operating strategy, including startup, operation at various load settings, and shut
down with or without system flushing

Optimizing pilot fueling

Exhaust emissions

Duration testing of a new injector

Preliminary data on ash fouling

Preliminary techno-economics and risk assessment

Business case for DICE facility — a shared national facility or consortia owned

Broadening stakeholder engagement with real data
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4.24.2 Stage 2 - DICE demonstration plant (5 MW)

Development of a suitable engine test facility (i.e., demonstration engine), capable of firing MRC
under near commercial scale conditions is essential to development — of both the engine and fuel
production.

While all manufacturers are capable of undertaking engine tests in dedicated test cells, to avoid
competition for test cell access, it is recommended that either a dedicated test cell is obtained, or a
new host site is used close to supporting engineers. Also, while a brake dynamometer is normally
used for engine testing, a standard alternator load (i.e., as a genset) can be used with sufficiently
accurate information of combustion and engine performance being obtained from cylinder
indicator readings. The use of a generator also allows power exports to offset test costs (important
for the longer duration tests).

An engine-generator producing around 5-6 MWe is recommended to increase the validity of the
test results by demonstrating the technology with a cylinder size suitable for commercial operation
— for example, a 6-cylinder variant of the 18V 48/60 engine by MAN.

An engine of this size will require around 6000 liters of fuel per day, equivalent to about 2 t/h of
processed coal - which would also ensure MRC production at a reasonable scale.

Engine tests could determine the effects of the following on combustion/heat release, performance,
thermal efficiency, lubricant contamination, wear, etc.:

e Engine load

e Cylinder air inlet temperature (by changing coolant flow to the aftercooler)
e MRC coal loading and rheology

¢ Pilot fuel timing and rate

e Development of operating strategies for starting, warmup, load changing, and shut down
(short and long)

e Component durability tests — which could include using different materials and component
designs for individual cylinders to provide a quicker and more cost-effective comparison
of component performance than using individual test campaigns.

e Emissions as a function of load and fuel properties
e Engine ash fouling
e Turbine abrasion

Additional fuel supply tanks should be available to enable fuel batching to ensure consistent fuel
quality for each series of tests.

It is also recommended that a parallel R&D and logistics program be undertaken, including:

e Detailed risk and hazard assessment, to further de-risk the new fuel cycle, identify key
technology gaps/showstoppers, and to broaden stakeholder engagement. MRC slurry fuels
and new coal combustion equipment will be required to demonstrate no surprises. For
example, MRC is finely divided coal, but it is not classified as flammable. Spills can be
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readily cleaned up with a shovel once the fuel loses a few percent moisture. While MRC
looks like oil, spills are less detrimental (see Figure 4-2), and different handling and storage
procedures are required.

Figure 4-2
MRC Spill 24 Hours Later (From Hydrothermally Treated Lignite)

e Detailed techno-economic assessment of DICE for different markets to assist with
developing engine and fuel targets, and to increase the case for industry commitment. This
assessment should include using DICE as both incremental and old replacement capacity
at existing coal-fired power plants, as well as for greenfield development.

e R&D to obtain data for optimizing fuel handling logistics, and to enable engineered
systems to be developed for a range of scenarios (captive or mine-mouth generation,
decentralized generation, centralized generation, export).

e Developing standards and certification to account for the very different properties of MRC
compared to fuel oil.

e Developing a detailed business case for commercialization.

e Broadening engagement/outreach. DICE is a potential new (and large) market for both
coal suppliers and engine manufacturers and their componentry. However, recent
experience has shown that engine manufacturers are generally reluctant to consider DICE
due to coal’s high CO; intensity (at the burner tip) — on top of their business-as-usual
competing commercial priorities. It is therefore essential at the outset to establish and
clearly articulate both the economic and environmental benefits of DICE to all
stakeholders, for example:

- Nomination as clean coal is no longer enough.
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4243

DICE allows the novel use of coal to provide the backbone for a nimble, secure,
ultra-low emissions power system by underpinning a high penetration of
renewables - including the direct use of biomass and renewable ammonia. It is the
performance of the overall system that is key, not the individual technologies,
as neither would likely exist without the other.

Also, once DICE is installed it can utilize a wide range of alternative fuels including
crude bio-oils, chars and other niche fuels etc — giving many other advantages
(increased utilization, reduced processing costs and losses, and the use of bioenergy
wastes). These should be quantified using life cycle analysis. Only a streamlined
LCA will be required to show the overall benefits. The LCA should be supported
by a corresponding techno-economic assessment of the integrated energy cycle.

Stage 3 First-of-a-Kind DICE plant - 20 MW

The smallest representative, first of a kind DICE power plant, is likely to be that of a single large
4-stroke engine (say) 20 MWe.

An engine of this size can be broken down into manageable sections, to enable road
transport to most locations.

Although essentially a commercial operation, it is expected that only limited performance
warranties would be provided by the engine manufacturer, but this would be offset via the
initial pricing and by close supervision of operation and maintenance by the engine
manufacturer (and other equipment suppliers).

Suitable locations or host sites for the first of a kind DICE plant are envisaged as:

Alongside existing pf steam plants to enable sharing of coal supply, logistics, and
transmission infrastructure — possibly with the long-term aim of progressively
replacing older pf units. This could have an additional benefit of training future
operators and maintenance personnel. The MRC plant could also be used to supply
light up and low load fuel to the pf plant.

A mine-mouth power plant. This location would provide additional economic
benefits for the coal miner and allow any lower quality MRC feed coals to be
diverted to conventional markets.

Alongside a natural gas fired power plant with limited gas supply — with the
possibility of switching out/retrofitting existing engines for MRC.

4244 Commercialization Approach beyond Stage 3

Following the successful demonstration, rapid commercialization is possible, and likely to be
driven by a strong need for incremental coal generation capacity for:

O Nexanr

Replacing old, inefficient and uneconomic PC power plants (say units smaller than 300 MW

and/or older than 30 years in plant economic life)

New load-following capacity to secure a higher penetration of renewables, and in direct

competition with gas open cycle plants with gas prices over $5/GJ
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= Remote generation, especially for supplying large mines and surrounding regions

= New capacity with CO; capture and storage, as DICE has the potential for a 30 percent
reduction in the cost of capture over PC coal plants. The cost reduction is due to a combination
of higher thermal efficiency (fewer kg CO2/MWh) and the ability to use 130°C coolant and
exhaust heat for stripping

» Once an engine is adapted for DICE it will be capable of handling a wide range of other
alternative fuels (i.e. difficult) fuels (for example coal-biochar or coal-ammonia blends, crude
bio-oils) which would extend the facilities value past the proposed demonstration, and provide
additional environmental incentives for the facility and commercialization of DICE.

* MRC, including higher ash products, could be used to replace fuel oil for boiler light-up and
low load operation.
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Section 5 Emissions Control Technology

DICE CRCC is a fossil-fuel power plant burning two different types of fossil fuels: coal (in the
form of a slurry) and natural gas. Let us address the second fuel first.

In DICE CRCC, natural gas is burned in the reheat combustor upstream of the hot gas expander
and/or in the HRSG duct burners. In the introductory variant considered in the pre-FEED study,
the reheat combustor is eliminated. Natural gas is the cleanest fossil fuel and is not a significant
source of PM, VOC and SOx emissions. In the duct burners, flame temperatures are quite low so
that no significant NOx emissions are expected either. Nevertheless, during the field operation,
CO production due to flow and combustion instabilities can be a source of CO. In any event,
minute amounts NOx and CO generated in the HRSG duct burner are going to be managed by the
SCR (downstream in the HRSG). In conclusion, there is no technology gap associated with this
fuel, from the perspective of equipment for NOx and CO removal.

5.1 SOX AND HG REMOVAL

PRB is a low-sulfur coal and the elemental sulfur is removed during the beneficiation process.
SOx removal is accomplished in the direct contact cooler (DCC) with caustic injection (to cool the
flue gas and remove the bulk of the SOx in the flue gas).

PRB coal typically contains less than 1 percent (wt) sulfur and less than 50 ppm chlorine, and the
mercury (Hg) is primarily in the elemental form. Due to this reason, it is expected that the coal
beneficiation process will remove some or most of the Hg in the coal feedstock. A feedstock
sample analysis is requisite in order to provide a concrete estimate. For Hg remaining in
micronized refined coal, post-combustion removal from the flue the gas is necessary to meet
MATS requirements.

Activated carbon injection (ACI) is the standard method used for removal of Hg from the flue gas
in coal-fired power plants. Activated carbon sorbents and high surface area unburned (loss on
ignition, or LOI) carbon should be very effective for mercury capture when sufficient halogens
(e.g., fluorine (F), chlorine (CI) or bromine (Br)) or halides such as HCI are present in the flue
gas’.

Activated carbon catalyzes SOz to H2SOs in flue gas. The overall mercury adsorption capacity is
dependent on the formation of H2SO4 on the surface of the carbon. Thus, the capacity of activated
carbon for mercury is higher in low SO> flue gas such as in DICE CRCC. However low content
of chlorine or bromine in the flue gas can render ACI infeasible for application in DICE CRCC.
Once again, sample analysis and combustion tests with flue gas chromatography are requisite to
provide a concrete answer.

3 HCl increases the mercury removal effectiveness of activated carbon and fly ash for mercury, particularly as the
flue gas HCI concentration increases from 1 ppm to nominally 10 ppm.
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In any event, the vanadium-based SCR catalyst used for NOx-control promotes the oxidation of
elemental mercury Hg to Hg?" in the flue gas. Hg”" is water soluble and can effectively be captured
in a wet scrubber or, in this case, in the DCC.

5.2 PARTICULATE MATTER REMOVAL

Coal burned in the DICE is “cleaned” during the fuel production process to contain low ash and
sulfur, sources of PM and SOx emissions, respectively. DICE exhaust gas is scrubbed in a
cyclone-type device to reduce PM content for protection of the downstream equipment, in
particular, the hot gas expander. Similar devices have been widely used in fluidized catalytic
cracking (FCC) of heavy hydrocarbon feeds for separating fine solids from vapor streams exactly
for the same purpose, i.e., protection of the hot gas expander downstream (used for power
recovery). A typical system is shown in Figure 5-1.

Figure 5-1
FCC Power Recovery System (UOP Honeywell)
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It is worth noting that the hot gas expander shown in Figure 5-1 is the same piece of equipment
used in DICE CRCC. The equipment used to clean up the particulate matter in the gas coming
from the FCC reactor is the “third stage separator” (TSS). In order to understand the use of TSS
and its suitability to application in DICE CRCC, an overview of the FCC process is provided.

In the FCC process, catalyst particles circulate between a cracking reactor and a catalyst
regenerator. The cracking reaction deposits coke on the catalyst, thereby deactivating the catalyst.
The catalyst regenerator burns coke from the catalyst with oxygen containing gas, usually air. Flue
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gas formed by burning coke in the regenerator is treated for removal of particulates (by the
regenerator cyclones) and for conversion of carbon monoxide. Even so, the amount of solid
particles in most FCC flue gas streams exiting the regenerator is enough to cause severe erosion
of'the power recovery turbine (i.e., the hot gas expander) blades. Unfortunately, the PM remaining
at this point are exceedingly difficult to recover, having successfully avoided capture despite
passing through (typically) two stages of highly efficient cyclones. These particles (“fines™) are
very small, essentially all of them are below 20 microns, and including significant amounts of
submicron to under 5-micron sized material. Thus, a third stage of separation, which can capture
these fines is necessary, i.e., the “third stage separator”.

The TSS uses a large number of small diameter cyclones because they give much better fines
collection than larger cyclones, for the same gas velocity and pressure drop®. A schematic diagram
of UOP Honeywell TSS is shown in Figure 5-2. FCC regenerator flue gas enters the TSS at the
top and passes through a number of small-diameter, high efficiency, cyclonic elements arranged
in parallel and contained within the separator vessel. After the catalyst particulates are separated
from the flue gas in the cyclones, the clean flue gas leaves the separator. A small stream of gas,
called the underflow, exits the separator through the bottom of the separator vessel. In some
applications with stringent emission limits, the underflow is directed to an additional separation
(i.e., the “fourth stage separator”) and collection stage before combining with the clean flue gas.

4 For example, for a 5 to 20-micron dust mixture, dust collection improves significantly as cyclone diameter
decreases, i.e., with collection efficiencies for 6, 9 and 24-inch cyclones being 90%, 83% and 70% respectively.
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Figure 5-2
UOP Honeywell TSS
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As highlighted earlier, the hot gas expander used in DICE CRCC (by Baker Hughes) is the same
equipment used in FCC applications. Equipment specification by Baker Hughes regarding PM is
shown below (the term “catalyst” refers to the catalyst fines discussed above):

“The warranty is valid subject to the following conditions, to be fulfilled by Purchaser during the
four (4) years of continuous operation:

= The catalyst concentration in the flue gas to the expander shall be maintained at less than 100
ppm (by weight)

= The catalyst particle size distribution shall not exceed the values listed below:

99.9 percent less than 12 microns

98.5 percent less than 10 microns

92.0 percent less than 5 microns

75.0 percent less than 2 microns

Typical coal (MRC) water slurry used in DICE has the following ash characteristics:

= (.2to 1 percent (w) mineral
= 1.5 to 3 percent (w) total
= With P50 of 10-15 microns and P95 of 70 microns
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DICE exhaust gas conditions are around 1,000 °F and 60 psia, which are well within the range
typical of FCC applications. For the particular fuel used in pre-FEED performance calculations,
particulate loading at the inlet of the TSS would be around 750 to 800 ppm (by weight).
Consequently, in order to satisfy the expander requirements, the TSS should be capable of 90
percent reduction.

UOP Honeywell confirmed that the service is similar to the typical FCC application for protecting
a hot gas expander. They also confirmed that the temperature and pressure is within our experience
range. UOP Honeywell is confident that, even without doing any calculations, they typically can
meet the expander PM requirements of 100 ppm and the removal of large particles (<10 micron).
However, they also stated that they would need more detailed particle size distribution (PSD) and
particle density in order to perform requisite calculations. UOP Honeywell also recommended a
more detailed feasibility study to further optimize the TSS design, the turndown strategy, and to
further refine the cost estimates. Depending on the scope and what other information is required,
a high-level estimate for this study is estimated to be approximately $150,000.

In conclusion, equipment necessary for removal of PM from the DICE exhaust stream does not
present itself as a technology gap as such. While the application of the existing equipment in DICE
CRCC would be a first, it is clear that what is needed is requisite FEED to pinpoint the final design
for the selected feedstock. This may require some testing as is the case with the design of the coal
beneficiation system. Remaining fines (100 pm and P90 5 micron or less) will be washed away in
the direct contact cooler upstream of the carbon capture block.
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Appendix A Turbocompounding

Turbocompounding has a long history going back to 1930s and 1940s for locomotive and aircraft
propulsion. MAN Diesel & Turbo installed several turbocompound electric power generation
systems about 20 years ago. MAN Diesel & Turbo also developed a turbocompound system for
ship propulsion( e.g., see Figure A-1 for the system flow diagram). As shown in the diagram, the
hot gas expander (the power turbine) is driven by part of the exhaust gas flow which bypasses
the turbochargers. The power turbine produces extra output power for electric power production,
which depends on the bypassed exhaust gas flow amount.

Figure A-1
Schematic Diagram of MAN D&T Turbocompound Ship Propulsion System
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Appendix B

Technology Readiness Levels (TRLs)

Table B-1 contains the detailed descriptions of the USDOE’s TRLs.

(prototypical)
system
demonstrated  in
relevant

Table B-1
Detailed Descriptions of USDOE’s TRLs
Relative Level Technology TRL Description
of Technology Readiness
Development Level Definition
System TRL 9 Actual system | The technology is in its final form and operated under the full range
Operations operated over the | of operating mission conditions. Examples include using the actual
full range of | system with the full range of wastes in hot operations.
expected mission
conditions.
System TRL 8 Actual system | The technology has been proven to work in its final form and under
Commissioning completed and | expected conditions. In almost all cases, this TRL represents the end
qualified through | oftrue system development. Examples include developmental testing
test and | and evaluation of the system with actual waste in hot commissioning.
demonstration. Supporting information includes operational procedures that are
virtually complete. An Operational Readiness Review (ORR) has
been successfully completed prior to the start of hottesting.
TRL 7 Full-scale, similar | This represents a major step up from TRL 6, requiring demonstration

of an actual system prototype in a relevant environment. Examples
include testing full-scale prototype in the field with a range of
simulants in cold commissioning (1). Supporting information
includes results from the full-scale testing and analysis of the
differences between the test environment, and analysis of what the

environment experimental results mean for the eventual operating
system/environment. Final design is virtually complete.
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Technology
Demonstration

TRL 6

Engineering/pilot-
scale, similar
(prototypical)
system validation
in relevant
environment

Engineering-scale models or prototypes are tested in a relevant
environment. This represents a major step up in a technology’s
demonstrated readiness. Examples include testing an engineering
scale prototypical system with a range of simulants (1). Supporting
information includes results from the engineering scale testing and
analysis of the differences between the engineering scale,
prototypical system/environment, and analysis of what the
experimental results mean for the eventual operating
system/environment. TRL 6 begins true engineering development of
the technology as an operational system. The major difference
between TRL 5 and 6 is the step up from laboratory scale to
engineering scale and the determination of scaling factors that will
enable design of the operating system. The prototype should be
capable of performing all the functions that will be required of the
operational system. The operating environment for the testing should
closely represent the actual operating environment.

Technology
Development

TRL 5

Laboratory scale,
similar  system
validation in
relevant
environment

The basic technological components are integrated so that the system
configuration is similar to (matches) the final application in almost
all respects. Examples include testing a high-fidelity, laboratory
scale system in a simulated environment with a range of simulants
(1) and actual waste (2). Supporting information includes results
from the laboratory scale testing, analysis of the differences between
the laboratory and eventual operating system/environment, and
analysis of what the experimental results mean for the eventual
operating system/environment. The major difference between TRL
4 and 5 is the increase in the fidelity of the system and environment
to theactual application. The system tested is almost prototypical.

Technology
Development

TRL 4

Component
and/or  system
validation in
laboratory
environment

The basic technological components are integrated to establish that
the pieces will work together. This is relatively "low fidelity"
compared with the eventual system. Examples include integration of
ad hoc hardware in a laboratory and testing with a range of simulants
and small scale tests on actual waste (2). Supporting information
includes the results of the integrated experiments and estimates of
how the experimental components and experimental test results differ
from the expected system performance goals. TRL 4-6 represent the
bridge from scientific research to engineering. TRL 4 is the first step
in determining whether the individual components will work together
as a system. The laboratory system will probably be a mix of on hand
equipment and a few special purpose components that may require
special handling, calibration, or alignment to get them to function.
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Relative Level Technology TRL .
of Technology Readiness Description
Development Level Definition
Research to TRL 3 Analytical and | Active research and development (R&D) is initiated. This includes analytical
Prove experimental studies and laboratory-scale studies to physically validate the analytical
Feasibility critical function | predictions of separate elements of the technology. Examples include
and/or components that are not yet integrated or representative tested with simulants
characteristic (1). Supporting information includes results of laboratory tests performed to
proof of concept | measure parameters of interest and comparison to analytical predictions for
critical subsystems. At TRL 3 the work has moved beyond the paper phase to
experimental work that verifies that the concept works as expected on simulants.
Components of the technology are validated, but there is no attempt to integrate
the components into a complete system. Modeling and simulation may be used
to complement physical experiments.

TRL 2 Technology Once basic principles are observed, practical applications can be invented.
concept and/or | Applications are speculative, and there may be no proof or detailed analysis to
application support the assumptions. Examples are still limited to analytic studies.
formulated Supporting information includes publications or other references that outline

the application being considered and that provide analysis to support the
Basic Technology concept. The step up from TRL 1 to TRL 2 moves the ideas from pure to
Research applied research. Most of the work is analytical or paper studies with the
emphasis on understanding the science better. Experimental work is designed
to corroborate the basic scientific observations made during TRL 1 work.

TRL 1 Basic This is the lowest level of technology readiness. Scientific research begins to be
principles translated into applied R&D. Examples might include paper studies of a
observed and technology’s basic properties or experimental work that consists mainly of
reported observations of the physical world. Supporting Information includes published

research or other references that identify the principles that underlie the
technology.

! Simulants should match relevant chemical and physical properties.

? Testing with as wide a range of actual waste as practicable and consistent with waste availability, safety, ALARA, cost and project risk

is highly desirable.

Source: U.S. Department of Energy, “Technology Readiness Assessment Guide”. Office of Management. 2011.
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Section 1 Technology Overview

1.1 BASIC OPERATING PRINCIPLE

The fundamental thermodynamic basis behind the Direct Injection Carbon Engine (DICE) Gas
Turbine Compound Reheat Combined Cycle (GT CRCC) plant concept is described in detail in
the papers and articles by Giilen earlier, e.g., Refs.[1,2]. The thermodynamic cycle of the power
plant is a seamless integration and mesh of Atkinson (internal combustion engine) and Brayton
(gas turbine) cycles, which combines the two most effective heat engine cycle performance
enhancers: constant volume heat addition and reheat. As illustrated in the temperature-entropy
diagram in Figure 1-1, the resulting new cycle has six processes (instead of the typical four
processes in Carnot, Brayton and Atkinson cycles):

Isentropic compression (1 to 2)

Constant volume heat addition (2 to 3A)
First isentropic expansion (3A to 3B)
Constant pressure heat addition (3B to 3)
Second isentropic expansion (3 to 4)
Constant pressure heat rejection (4 to 1)

S

This new ideal cycle {1-2-3A-3B-3-4-1} is the thermodynamic basis of the turbocompound-reheat
gas turbine cycle. By adding a “bottoming cycle” into the lower triangular area {1-4-4C-1}, cycle
waste heat, i.e., heat rejection from 4 to 1, can be utilized for additional work. Thus, one arrives
at the turbocompound-reheat gas turbine combined cycle.

Figure 1-1
Comparison of CPC {1-2-3-4-1} and CVC {1-2-3A-4A-1} cycles

'l
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1.2 OVERVIEW OF DICE CRCC SYSTEM
1.2.1  Original Gas-Fired Turbocompound Reheat Embodiment

The original embodiment of the natural gas-fired turbocompound reheat (TC-RHT) gas turbine
combined cycle (GTCC) is disclosed in the US Patent 9,249,723 (Giilen, February 2, 2016). It
comprises three pieces of major equipment (a simplified system diagram is shown in Figure 1-2):

1. An intercooled, integrally geared centrifugal turbocompressor with an aftercooler
2. Advanced gas engine with the turbocharger removed
3. An industrial (heavy duty) gas turbine with the compressor section removed

Figure 1-2
Simplified Schematic Diagram of Original Embodiment of Turbocompound-Reheat GTCC
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1.2.2 Current Coal-Fired Embodiment

For the pre-FEED design of the coal-water slurry-fired DICE-CRCC, a simplified version is
considered for the following reasons:

*  Minimum amount of equipment modification
= Shortest possible timeframe from concept to front-end engineering design (FEED) to pilot

plant

A simplified system diagram is shown in Figure 1-3.
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Figure 1-3

Simplified Schematic Diagram of Coal-Fired DICE CRCC with Hot Gas Expander and Duct-Fired
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Compared to the original embodiment as shown in Figure 1-2, this system has the following
differences:

The heat exchanger between the DICE and the hot gas expander is eliminated
The reheat combustor and gas turbine are replaced with a hot gas expander due to the
following constraints:

- Limited availability of oxygen in DICE exhaust gas (roughly 10 percent by
volume)

- Necessity for supplementary firing in the HRSG to generate sufficient steam to
meet the demand of the stripper reboiler in the post-combustion capture (PCC)
block, which required supplementary air to make up for oxygen spent in the reheat
combustor

- The cap put on non-coal fuel consumption (maximum 30 percent)

Duct-firing heat recovery steam generator (HRSG) is utilized to meet steam demand of
PCC system

- In the presence of diesel pilot fuel in DICE (roughly 5 percent of DICE heat
consumption), no supplementary air is supplied to the HRSG duct burner. This
would otherwise have made satisfaction of less than 30 percent non-coal fuel
consumption requirement impossible to meet with the reheat combustor. The
resulting system is simpler and cheaper with very low impact on plant efficiency.

Particulate matter (PM) removal is achieved with the presence of the “third-stage
separator” (TSS) downstream of the DICE exhaust

SOx scrubbing is achieved in a direct contact caustic scrubber with sodium hydroxide
Na(OH) injection along with flue gas cooling to meet the CO: capture absorber
requirements

90 percent of the CO: in the HRSG exhaust is captured using a standard 30 wt% MEA-
based chemical absorption-desorption process
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As shown in Figure 1-3, air compressed in the turbocompressor is sent to the DICE engine intake
after being cooled in an aftercooler to a suitable temperature (~120 °F). Since the charge air is
already compressed at the engine air intake, there is no need for the engine turbocharger.

Multiple DICEs, operating in parallel, burn MRC slurry to generate power. The DICE exhaust
gas temperature, expected to be between 575 and 600 °C, is sent to the hot gas expander for power
generation.

The bottoming cycle is a Rankine steam cycle comprising an HRSG and a steam turbine generator
with the balance of plant (BOP) including a backpressure steam turbine, myriad pipes, valves,
pumps and heat exchangers. The HRSG is a waste heat recovery boiler utilizing hot gas turbine
exhaust gas to make steam. Duct firing of natural gas in the HRSG is required in order to generate
enough steam to meet the demand of the PCC system.

Superheated steam generated in the duct-fired HRSG is first expanded in the backpressure steam
turbine for additional power generation. The expanded steam leaves the backpressure turbine at
60 psia and is desuperheated to saturated conditions. This steam is consumed in the PCC stripper
reboiler, which uses the latent heat of the steam to generate the vapor needed to strip CO2 from the
MEA solution. The reboiler returns hot condensate to the HRSG, where it is heated to generate
steam to complete the cycle.

The flue gas leaving the HRSG contains about 300 ppm of SOx. If left untreated, this high level
of SOx in the flue gas will cause unacceptable levels of amine degradation in the PCC unit. The
flue gas therefore is desulfurized in a direct contact caustic scrubber, a packed bed column that
uses caustic to reduce the SOx content in the flue gas to less than 10 ppm and reduce amine losses
in the downstream PCC unit, while also cooling and condensing water from the flue gas.

The desulfurized flue gas is then sent to the PCC plant for CO2 removal. This is a standard amine-
based chemical absorption-desorption process where 90 percent of the CO2 in the flue gas is
absorbed by lean amine in an absorber column. The treated, CO2-depleted flue gas leaves at the
overhead of the absorber column to the stack for release into the atmosphere. The rich amine
containing the absorbed CO:z is sent to the MEA stripper column where it is stripped of CO2 with
heat supplied by LP steam from the backpressure turbine. The regenerated lean amine is then
pumped, cooled, and routed to the absorber column for CO:2 absorption again.
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Section 2 Coal Beneficiation

2.1 INTRODUCTION

The fundamental technical and operational challenge in modifying a standard reciprocating
internal combustion engine (RICE) — designed for liquid fuel (e.g., heavy fuel oil, HFO) — for coal-
fired operation is to protect the mechanical moving parts of the engine that are exposed to either
the coal-water fuel (which is abrasive) or the solid particulate products of combustion, which
contain both ash and traces of unburned coal. The objective is to ensure acceptable engine life as
well as reliability, availability, and maintainability (RAM) without excessive operating and
maintenance (O&M) costs.

Coal cleaning/washing, commonly referred to as “beneficiation”, can be “physical” (e.g., froth
flotation, selective agglomeration and dense medium separation) or “chemical” (i.e., using
solvents). The purpose of beneficiation is to reduce the ash content of the coal fuel to a level
acceptable to the engine.

Earlier US DOE work (Clean Coal Diesel Demonstration Project) concluded that coal with 1 to 3
percent (by weight on a dry basis) ash was suitable for DICE [3]. Wibberley reports that, after
collaborating with MAN in DICE development R&D in Australia (under the auspices of CSIRO),
1 to 2 percent was deemed acceptable as long as one could live with the trade-off between
processing cost and engine and maintenance costs [4]. This is dramatically illustrated by the chart
in Figure 2-1 (from [5], original work done by Wibberley in 2013).

Figure 2-1
Product Ash (Dry Basis) of Coal Beneficiation Techniques with Cost

Micronized Refined Coal (MRC) in Figure 2-1 refers to finely ground low ash carbons in a slurry,
which is similar in consistency to acrylic paint. For effective atomization when injected into the
DICE cylinder, MRC should have a maximum size of around 50 microns and a beneficiated coal
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solids concentration of at least 55 percent (i.e. 45 percent water). The average (P50) size is less
than 20 microns.

There are a variety of MRC production processes, which are described in some detail in other
reports [5]. In generic terms, for high rank coals, the process comprises (in the order listed) [6]:

. Washing

= Micronizing (fine grinding/milling)

. Froth floatation (deashing)

. Partial dewatering to 55 wt% coal MRC

(Micronizing before deashing instead of before injection avoids fuel contamination by the grinding
media)

In order to fully understand the coal beneficiation process, as well as the associated technology
gaps and risks involved in building a commercial-scale coal-water slurry (CWS) processing plant
to serve the needs of the DICE CRCC, the project team has contracted a company with past
experience in DICE technology, Sedgman (www.sedgman.com). Sedgman has been involved
with the DICEnet' (www.dice-net.org) for a number of years and has previously investigated this
process for the coal beneficiation facility in Australia.

! DICEnet was established in March 2013 to support DICE development internationally, including pilot and
demonstration projects with Generation 3 technology, and R&D for Generation 4
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2.2

PROCESS DESCRIPTION

Sedgman utilized its experience in coal and mineral processing technology to investigate various
options for design of the MRC plant. A simplified process block diagram of the coal preparation
plant is shown in Figure 2-2.

Coal Preparation Plant Simplified Block Flow Diagram

Figure 2-2
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A more detailed process flowsheet is shown in Figure 2-3. This scheme was selected for the study
as it was considered the most robust, given that it allows for full grinding of the plant feed and is

suitable for processing a broad range of feed quality. It consists of the following processes:

Feed coal receiving and handling

Hammer mill first stage size reduction

Ball mill second stage size reduction
Vertimill (tower mill) fine grinding

Two-stage (rougher/ cleaner) flotation

High-rate thickeners for both product and tailings

Solid bowl centrifuge dewatering of product

Baffled and agitated tanks for product slurry storage
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2.2.1 Feed Coal Receiving and Handling

The feed coal receiving and handling arrangement is presented in Figure 2-4. The feed coal is
loaded from the feed coal stockpile into the dump hopper by a front-end loader. Material in the
hopper is drawn out of the hopper by a belt feeder and transferred to the hammer mill.

Figure 2-4
Raw Coal Handling Diagram

j BALL MILL STATION
Dump
Hopper ﬂ
Feeder I

Hammer
Mill

Vibrating
Feeder

2.2.2 First Stage Size Reduction

Based on the feed coal size distribution and the possible reduction ratios of conventional size
reduction equipment, two stage size reduction was deemed necessary. The recommended
equipment for this application is to use a hammer mill as primary size reduction, followed by a
ball mill to reduce the top size of the grinding mill feed material to a P80 of 93 um. Hammer mills
are proven technology which can produce the required primary size reduction down to a P80 of 13
mm at the required throughput with suppliers confirming that capability. A typical hammer mill
is shown in Figure 2-5. Fines generation which is typically of concern in a coal washing plant are
not an issue here and are encouraged to assist the grinding circuit.

Figure 2-5
Typical Hammer Mill Installation
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2.2.3 Secondary Size Reduction

The hammer mill product top size is suited to a ball mill for secondary size reduction. Ball mills
are a common method of impact grinding and have proven capability of producing the required
discharge particle size distribution. A typical ball mill is show in Figure 2-6.

Figure 2-6
Typical Ball Mill Installation

2.2.4  Primary Grinding Classification

The ball mill will be required to operate in closed circuit with classifying cyclones. The cyclones
are used for size separation and to ensure no oversize material is fed through to the regrind mill.

Ball mill product is pumped to the ball mill grinding cyclones. The cyclones will separate the coal
slurry based on particle size at a cut-point of 93um (P80). Undersize material will continue on to
the regrind mill, while oversize material will be directed back to the ball mill feed for further size
reduction.

2.2.5 Fine Grinding

The regrind mill will provide the final stage of size reduction, to the desired P100 of 50um for ash
flotation. Stirred mills are a method of wet grinding that are proven to be highly efficient when
very fine grinds are required. For this application, a VXPmill will be suitable for achieving the
desired level of grinding at the specified throughput. This mill is a medium intensity mill running
at higher speed than a Vertimill but lower speeds than and IsaMill. A typical VXPmill is shown
in Figure 2-7.
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Figure 2-7
Typical VXPmill Installation

The selection of the most suitable fine grinding technology will depend on a number of
factors/requirements including:

Required product size (Pso)

For a given feed size, as the required product sizing gets finer, the energy requirements increase,
with some technologies being more suited to ultrafine grinding than others. For the 50 pm product
size requirement for this project, rod mills will not be suitable as they have difficulty generating
product less than 1mm (1000 pm). Further, rod mills require in excess of 30 percent more power
than ball mills performing the same duty. Suitable technologies for this product size include tube
mills, stirred mills and tower mills.

Feed sizing (Fso)

Different milling technologies have different maximum feed sizes that they can handle, depending
on the required product size. Some tower mills require very fine feed size (1 mm or less) which
typically would require multiple additional crushing and grinding stages to prepare the feed,
adding to circuit complexity and maintenance requirements and capital cost.

Grinding efficiency

The amount of energy required to reduce particle size increases as the particle size decreases. The
energy requirement to attain the desired PSD can vary depending on the method of grinding
employed and ultimately the grinding efficiency. Two common methods are impact (e.g. Ball
mill, Tube mill, SAG mill) and attrition (tower or stirred mills). Typically, impact mills are less
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efficient for very fine grinding as energy is lost through media impact, noise and the energy
required to rotate the shell to lift the media compared to slower moving attrition mills.

Other factors that impact on grinding efficiency include: slurry flow rate, slurry density, and slurry
rheology all of which can be controlled to a certain extent.

Operating Costs

Energy is by far the most significant operating cost of any mill, however, other items also
contribute to the ongoing operating costs, including wear liners and grinding media. Typically,
attrition mills will have reduced wear on liners as they do not operate by impact of media on the
ore. The mill operating speed will impact the liner and media wear rate as well as its grinding
efficiency and is dependent on the technology selected. Additional testing is recommended to
show which technology provides the optimal balance for this application.

2.2.6  Fine Grinding Classification

For this application, the VXPmill will operate in an open circuit with classifying cyclones.
Classifying cyclones are used for size separation to ensure limited oversize material is fed through
to the flotation circuit. While this is not catastrophic, it will likely impact the final ash content.

Ball mill cyclone cluster overflow is pumped to the fine grinding cyclones. These cyclones
separate the material based on particle size at a cut-point of 32um (D95). Undersize material
continues to the flotation circuit, while oversize material is recycled to the VXPmill for a final
stage of grinding.

Whether the fine grinding cyclone must operate in closed or open circuit with the fine grinding
mill is dependent on the technology selected and must be considered in any further technology
trade-off.

2.27 Ash Removal

The most efficient method for ash removal from the feed material will be dependent on the optimal
size requirement. For the purposes of this study, it is assumed that the feed material will need to
be reduced to a liberation size that would require flotation as the only feasible conventional
processing method.

Operation of the flotation cells have a number of variables that can be adjusted to obtain the
required product quality. These include; reagent dosage, froth depth and wash water rate.

There are a number of different flotation technologies available which have different energy and
reagent input requirements. Regardless of the technology chosen, flotation of such fine coal to
such a low concentrate ash will have the following issues which must be addressed/determined:

Froth carrying capacity

Carrying capacity is the rate at which material can be removed from the cell (t/h/m? cell area).
Ultrafine coal typically has a very low carrying capacity compared to ‘standard’ coal flotation (at
most half the value). This will invariably lead to a larger number of cells required to process the
material.

O Nexanr 100 MWe DICE CRCC Pre-FEED Study 146
Performance Results Report



Froth washing

To achieve the low concentrate ash, froth washing will be required. High ash slimes will invariably
be present in the concentrate with such a fine feed after being liberated in the grinding circuit as it
is carried with water into the froth. The best method of removing this material is to wash the froth
with clean water. This involves running the cell with a relatively deep froth at depth of 1 to 1.5 m
(3 to 5 ft).

Multiple stages

Even with froth washing, it will be necessary to have multiple stages of flotation to achieve the
desired ultra-low ash content in the product coal. This will be a cleaner stage which would re-
float the concentrate from the first stage (roughers) to allow additional ash removal. The
requirement for this would depend on the quality of the feed. A low ash fines feed may not require
a second cleaning stage.

Note that if a relatively coarse sizing (e.g. 250-500 micron) is possible to achieve the required ash
content, then cheaper processing technologies e.g. spirals, reflux classifiers, could be employed.
These technologies do not require any additional reagents and typically require less circulating
water volumes and pumping requirements, resulting in operating cost savings.

2.2.8 Dewatering

The use of flotation as the main processing technology for this material results in a slurry product
of relatively low solids concentration (approximately 12 wt%) whereas the solids concentration in
the final coal water slurry product is 55 wt%. Dewatering of the flotation product is therefore
required to reach the desired final slurry concentration.

The philosophy to dewater the MRC product to a higher solids concentration than required in the
final slurry to allow a controlled addition of water (and dispersant) to be added back in so that the
target solids concentration can be obtained.

Fortunately, due to the low ash content of the product (and given the relatively good quality feed
to the system, medium level ash of the tailings), dewatering behavior of the material is not expected
to be impacted by excessive slimes or clays, which are detrimental to dewatering performance.
However, given the ultrafine size of the material in the plant, dewatering is still a relatively high
intensity process to achieve the required moisture.

At this size, the most common dewatering methods are plate and frame filters, belt press filters,
screen bowl centrifuges and solid bowl centrifuges. Sedgman evaluated each of these ultrafine
dewatering systems on a qualitative basis and provided a high-level comparison of these
technologies as shown in Table 2-1.
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Table 2-1
Dewatering Technology Comparison

Assessment Criteria*

Technology | Product Fines Flocculant | Continuous | Footprint | Maintenance | Circuit Total
Moisture | Loss Dosage Production Complexity
Solid bowl 3 3 3 1 1 1 1 13
Centrifuge

Screen bowl 2 4 2 1 1 2 2 14
Centrifuge

Plate and 1 1 1 4 1 4 4 16
Frame

Belt Press 4 2 4 1 4 3 3 21
Filter

*]1 = best, 4 = worst

From the comparison table, the solid bowl centrifuge technology, as depicted in Figure 2-8, was
deemed the most favorable. It should be noted that this evaluation was conducted in the absence
of any test data, and that test work on the various dewatering processes, including items such as
flocculant dosage and equipment footprint would need be carried out with the slurry product in
order to verify this finding and indicate the specific capacity of the equipment.

Figure 2-8
Typical Solid Bowl Centrifuge Installation

All these technologies will require some form of pre-thickening of the feed to help improve
dewatering efficiency and minimize the size of equipment required. Therefore, a high rate
thickener needs to be installed upstream of the selected dewatering equipment. A typical thickener
installation is shown in Figure 2-9.
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Figure 2-9
Typical Thickener Installation

2.2.9 Slurry Preparation

Product material is discharged from the solid bowl centrifuges to a product transfer conveyor,
which in turn deposits the material into the product slurry agitation tank. It is likely that a
dispersant will be added to the slurry to keep the solids in suspension for extended periods before
usage. Product slurry is then pumped into one of two product storage tanks.

Once the slurry mixture has been created, moving this material to long term storage will require
pumping, however, the high solids concentration of this material make the use of conventional
centrifugal pumps unlikely to be viable. A progressive cavity or positive displacement pumping
technology will likely be required. Viscosity testing of the final slurry material will be required
to determine the best pumping technology for this material.
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2.3 COAL BENEFICIATION PROCESS PERFORMANCE
2.3.1 Beneficiated Product Yield

The study coal is low-sulfur, subbituminous PRB coal (a low rank coal) with proximate and
ultimate analysis as summarized in Table 2-2.

Table 2-2
Design Basis Coal Analysis

| Rank Sub-Bitaminous
Seam Mowtana Roselud
SOLyce Montana
Proximate Analvsis (welght %o}

As Received Dy
hloasture 25.77 0.0
Ash I 8.19 11.04
Volatile Matter I 30.34 4087
Fined Carbon I 35.7 48.09
Total I 100.00 100.00
Sulfur 0.73% .98
HHV, kI'kg (BuTh) 19,920 (B.564) 26,787 (11.516)
LHV, kI'kg (BiwTh) 19,195 (8 252) 25 810 (11.096)

Uhimate Analysis (weight %)

As Received Dy
Moisiure 2577 0.00
Carbon I 50.07 G745
Hydrogen I 338 456
Mitrogen I 0.71 0.96
Chlorine I 0. 0.01
Sulfur I 0.73 0.98
Ash 5.19 10.91
Oxygen® 11.14 15.01
Total 100.00 100.00

Sedgman made the following assumptions in estimating the composition of the beneficiated coal
product and reject tailings based on the process described in Section 0. The estimation effort was
based on Sedgman’s work done during the DICEnet collaboration and from its overall experience
in coal and mineral processing technology.

= The coal feed is sub-bituminous Montana Rosebud, as shown in Table 2-2

o The beneficiated coal product is upgraded to 2% ash on a dry basis (db) and its sulfur
content is reduced by 20 percent

. For mass balance purposes, the remaining components related to the organic part of the

coal including C, H, N, O and Moisture retain the same proportions in both the product
and reject material as in the original feed

O Nexanr 100 MWe DICE CRCC Pre-FEED Study 150
Performance Results Report



. Mass balance calculations from an open circuit mill show a 47.5 percent beneficiated
product yield on an as received (ar) basis, or 45.8 percent yield on a dry basis

. Final MRC slurry composition is 55 percent dry coal solids and 45 percent moisture

. The calculation methodology entails the following steps:
- Feed ultimate = Feed (ar) from Table 4-1
- Feed adjusted to dry basis
- Product ash set to 2 percent (db) and S set to 80 percent of Feed S percent (db)
- Product adjusted to (ar) basis after feed moisture is adjusted for ash and S changes
- Reject (ar) calculated for each component according to yield percent (ar)
- Reject (db) calculated for each component according to yield percent (db)
- Check calculation for Reject (db) from Reject (ar).

Table 2-3 shows the calculated Ultimate Analyses for the Feed, Product and Reject streams.

Table 2-3
Ultimate Analysis Calculations for Feed, Product, and Reject Streams

Feed Feed Dry P"Od Dry Prod ar j
Component ar (% ar (%

Dry (%

50.07
H 3.38
N 0.71
S 0.73
Cl 0.01
Ash 8.19
Moisture 25.77
Oxygen 11.14
Total 100

Reject
6 45 4714
4.55 5.03 3.60 3.18
0.96 1.06 0.76 0.67
0.98 0.79 0.56 0.88
0.01 0.01 0.01 0.01
11.03 2.00 1.43 14.31
0.00 0.00 28.47 23.32
15.01 16.58 11.86 10.49
100 100 100 100

61.48
415
0.87
1.15
0.01
18.66
0.00
13.68
100

Table 2-4 shows the estimates of the beneficiated coal product and tailings reject energies on both
a dry and an-as received basis. The combustible recovery rate is about 50.5 percent on an HHV
basis. The beneficiated coal product in final slurry form consists of 55 wt% coal solids and 45
wt% moisture. The resulting MRC fuel composition is listed in Table 2-5.

Energy Estimates of Beneficiated Coal Product and Reject

Table 2-4

Dry basis kJ/kg 29535 24409
Btu/lb 12715 10509
Ar basis HHV kJ/kg 21125 18719
Btu/lb 9094 8058
LHV kJ/kg 19673 17640
Btu/lb 8470 7594
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Table 2-5

Study MRC Composition

Dry Slurry

(Wt%) (Wt%)

Moisture 0.00 45.00

Carbon 74.53 40.99
Hydrogen 5.03 2.77
Nitrogen 1.06 0.58
Chlorine 0.01 0.01
Sulfur 0.79 0.43
Ash 2.00 1.10
Oxygen 16.58 9.12

Total 100.00 100.00

For the 100 MWe DICE CRCC power plant, 642 MMBtu/hr (HHV) of MRC feed is required.
This translates to about 92,000 Ib/hr of MRC slurry at 55 wt% solids/45 wt% moisture. On a dry
basis, this is about 50,600 lb/hr of beneficiated coal product. At the stated recovery rate of 45.8

percent (dry) or 47.5 percent (as-received), the coal beneficiation plant therefore has to process
about 149,000 Ib/hr of as-received PRB coal.

2.3.2 Beneficiation Plant Power Consumption

The estimated power demand for the coal beneficiation plant is shown in Table 2-6 and totals about
5.5 MWe. The power to the plant will be supplied by the DICE CRCC plant, thus reducing the
net output of the plant.

Table 2-6
Coal Beneficiation Auxiliary Load Breakdown
COAL BENEFICIATION PLANT AUXILIARY LOADS kWe
Hammer Mill 240
Ball Mill 800
Grinding Mill 2,800
Grinding Cyclones Feed Pumps 44
Flotation 288
Dewatering 529
Slurry Transfer and Storage 333
Miscellaneous 438
TOTAL AUX LOAD 5,472
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Section 3 DICE System Design

3.1 CONCEPTUAL DICE PLANT BACKGROUND

The following section details the conceptual DICE power plant based on the current
understanding of the technology, and how large 4-stroke medium speed diesel engines could be
adapted for DICE.

3.1.1 Base Engine Choice

Although a wide range of engines has been used for MRC coal slurry fuels, including up to 1,900
rpm in the earlier US DOE program, it is generally accepted that the lower speed engines are most
suitable:

e Low-speed two-stroke marine type engines (10-100 MW at 90-120 rpm), as depicted in
Figure 3-1. Note that the latest super long-stroke versions of these engines (~60 rpm) are
considered less likely to economic for land-based generation due to the cost of the
alternator, extra weight and foundations required

e Large four-stroke medium-speed engines (20 MW at 400-500 rpm), as depicted in Figure
3-2

Figure 3-1
Low Speed Engine with Generator by MAN (55 MW, 120 rpm)
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Figure 3-2
MAN Gas Engine Generators (20 MW, 500 rpm)

Low engine speed is recommended because this increases the time for ignition and combustion
which reduces the requirement for fine atomization of the fuel (requiring lower viscosity fuel and
higher nozzle velocity). While fine atomization of slurry fuels is technically possible, this comes
at the cost of increased atomizer wear.

Low speed engines also have larger cylinder bores which have two important advantages for MRC
fuels:

e Allows for longer fuel jets - important for difficult fuels as fuel jets must not impinge on
the liner
e Larger cylinder heads/covers provide more space for a dual injection system

An additional benefit of the large, low-speed engines is their longevity and tolerance to lower
quality fuels — for conventional diesel engines, this includes the use of residual fuel oils, which
contain up to 0.2 wt% of highly abrasive corundum-like catalyst fines. For MRC, this includes
increased tolerance to mineral ash content, coarser coal top size and, higher viscosity.

The choice of engine will also be site- and application-dependent. While the low-speed engine
has slightly higher efficiency and lower maintenance costs, the cost of these engines is higher at
nominally $1,300 k/MW compared to $750 k/MW for medium-speed engines. Overall, installed
costs will be location, site, and project-specific.

3.1.2 Recent Developments on Coal-Slurry Fuels Adaptability

Despite being an extremely mature technology, reciprocating engines continue to undergo
development that improves suitability for DICE. These developments should result in higher
thermal efficiency, higher flexibility, and lower capital cost than for conventional coal-based
generation plants. Developments include higher firing pressures (up to 300 bar), electronic
control, more efficient turbochargers, new materials for highly stressed components (valve seats,
cylinder liner coatings, ring coatings, valve seats/sealing for high-speed gas valves). To some
extent, this has been driven by the use of alternative fuels such as biofuels (corrosive), LNG, and
bitumen water fuels. For example, electronically controlled (eg MAN ME type) engines are
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implemented as “intelligent engines” with auto-tune ability for individual cylinders — highly
beneficial for maximizing combustion efficiency for MRC.

3.1.3 Manufacturers

A range of manufacturers produce lower speed 4-stroke engines (say 500 rpm), which could
include derating of 600 and 720 rpm engines.

For large marine-type 2-stroke engines, there are only 3 suppliers — MAN, WING&D and MHI.
All of these 2-stroke engines are produced in SE Asia (China, Korea, and Japan) under license.
Although MAN is presently the only supplier offering large 2-stroke engines for land-based power
generation, other suppliers have expressed interest in producing large low-speed 2-stroke engines
optimized for (constant speed) power generation given sufficient need.

While most manufacturers have had some previous negative experiences with coal fulling of
engines, all acknowledge that the previous work was undertaken without a high level of
commitment, and none of the programs were completed because the expected scenario of oil
shortages did not materialize or funding ceased.

Future developments will benefit from recent experience with Orimulsion and MSAR (multiphase
superfine atomized residue), previous experiences from the USDOE program for black coals, and
more recently by CSIRO’s R&D for both black and brown coals and chars.

3.1.4 Bitumen-Water Fuels as Analogs for MRC

The use of bitumen water emulsions and slurries in diesel engines provides a good analog for
MRC.

Over the last 25 years, there have been several initiatives to produce bitumen water fuels to replace
HFO in boilers, and these fuels have also been used in diesel engines. Fuels include Orimulsion
produced from natural bitumen and MSAR produced from refinery residue (an extremely heavy
tar) - developed as an Orimulsion replacement for diesel engines. While it is a problematic fuel,
giving both poor ignition and highly abrasive catalyst fines, it is used as a marine fuel in adapted
engines. Also, as the bitumen component of MSAR has a very high viscosity of >106 mPa.s at
ambient temperature, it is essentially a slurry of solid bitumen in water and thus is analogous with
MRC (especially from bituminous coals).

Wairtsild has extensive experience with firing Orimulsion into medium-speed 4-stroke engines
(including a 40 MW demonstration power plant at Vaasa, and a 150 MW power plant in
Guatemala).

Suitable adaptations have been considered by two large engine manufacturers, and examples are
shown below, noting that several of these have already been developed for bio-oils. A fuel testing
program is underway between CSIRO and Chinese engine manufacturer Zibo Zichai New Energy
Co., Ltd to develop fuel specifications and identify a suitable engine for a demonstration plant.
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3.1.5 Humidified Diesel Engines

A summary of humidified diesel engines is given, as water in fuel is associated with poor thermal
efficiency in steam plants, and is not normally associated with diesel engines.

Combustion of fuel-water emulsions is the oldest and easiest method of reducing NOx emissions
in diesel engines. In this technology, water is added to the fuel and passed through an emulsifier
immediately before injection into the combustion chamber as an effective way of reducing the
flame temperature - thereby suppressing the formation of NOx. An efficiency penalty of ~2% (ie
an increase of 4% in fuel consumption) is incurred for a water/fuel volume ratio of 0.87 (equivalent
to ~50% water in fuel on a mass basis) — which is considerably less than if used in a steam plant.

3.1.6  Direct Water Injection (DWI)

Several direct water injection technologies have also been used: Wirtsilé has used this in medium-
speed engines, and involves injecting water into the cylinder just before injection of the fuel.
Injection rates of 0.4-0.7 kg water/kg of fuel are typically used. Special injectors, comprising
separate water and fuel nozzles, are used. The advantage of this system is that the water penalty
is substantially avoided as the water spray cools the compressed air charge, thereby reducing
compression work.

Mitsubishi Heavy Industries has developed a more complicated version of water in fuel for NOx
control. This system is called stratified fuel-water injection (SFWI), and it uses a single injector
to inject slugs of fuel-water-fuel sequentially into the combustion chamber to maintain more
extended control of peak combustion temperatures.

DWI and SFWI systems generally give a 70% reduction in NOx for a thermal efficiency penalty
of 1 1.5% points (around 2-3% on a heat rate basis).

Scavenge air moisturization (SAM) is the most favored system for reducing NOx for the larger
low-speed engines and involves humidifying the scavenge air immediately before entering the
cylinder with warm seawater or freshwater injected and evaporated into the hot air from the
turbocharger compressor to saturate the air to the cylinder (around 7-9 vol% water). Wirtsild has
a variant of this for large 4-stroke engines, with fogging nozzles introducing freshwater directly
into the charge air stream after the turbocharger, resulting in combustion air with a humidity of
around 60 g water/kg of air (10 vol %). This technique reduces NOx levels by over 70%.

MAN has achieved similar NOx reduction levels by increasing the humidity of the charge air with
seawater. Compressed hot air from the turbocharger is passed through a humidification tower (a
packed bed) that is fed with hot seawater heated by the engine’s cooling system.

Overall developments in humidification have demonstrated that diesel engines can tolerate high
levels of water ingestion (including seawater mist) without a significant impact on fuel
consumption, thermal efficiency, or engine longevity. MDT claims an efficiency of 59% (LHV,
flywheel) for a 12K98 engine with waste heat recovery using SAM (Jensen, 2009). For stationary
power generation, this is equivalent to around 56% sent out basis.
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3.2 ENGINE MODIFICATIONS NEEDED FOR MRC
3.2.1  Overall Modifications

Table 3-1 provides nominal engine component modifications for both 2- and 4-stroke engines.
The most significant modifications are for the fuel supply (i.e. the low-pressure fuel supply from
the service tank) and the high-pressure injection system.

Table 3-1
Nominal Engine Component Modifications for DICE
Component 4-stroke 2-stroke

Engine foundations No change

Engine frame, bed plate, No change

crankcase

Crank shaft No change

Cylinder liners Hard coating, optional provision | Hard coating, optional provision of
of oil scrapper grooves to allow | oil scrapper grooves to allow
increased bore lubrication and increased bore lubrication and
flushing of solids to reduce flushing of solids above the
filtration load on crankcase scavenge ports
lubrication

Piston No change in short term, optimization of bowl shape for MRC rather
than low NOx as required for fuel oil

Rings Hard coating, improved design to improve down scrape of
contaminated bore oil

Exhaust valves No change

Stuffing box - Seal oil protection to eliminate the

ingress of contaminated cylinder oil
Scavenge box drainage - No change if scrapper grooves are

used in the cylinder walls otherwise
improved drainage

Crankcase oil filtration 200 percent increased filtration | No change, but with separate
capacity; dual systems to allow | centrifuge for reconditioning
on-line maintenance, separate cylinder scrape
centrifuge for cylinder scrape.

Fuel supply system A dual system is required: One for MRC and one for a diesel/fuel oil

used for starting, idling and optional pilot injection (1 5% of heat rate,
as is currently used for some gas engines).

The MRC system should provide a small, controlled circulation flow
around the fuel rail and injectors to enable rapid flushing of the system
and to eliminate clogging of the fuel system when the engine is not in
operation. This circulating flow should be down through the injectors
suction valve to the seat of the needle/cut off valve and should be
controlled either electronically or from the same oil that actuates the
fuel pump plunger. The spring-loaded inertial valves often used with
HFO are not recommended due to the variable flow properties of MRC
(shear thinning) and seat wear.

It is recommended that a twin pump low-pressure fuel system is used,
with one pump controlling the pressure in the circulating flow, and the
other used to control the return flow.

Injection system Seal oil protected sliding surfaces, including the pump plunger and
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Component

4-stroke 2-stroke

needle valve. For typical hydrocarbon seal oils, the seal oil should be
maintained at around 120% of the fuel supply pressure at all times
(critical during engine off), and to 120% of the high-pressure fuel
pressure during injection. This strategy minimizes seal oil
consumption and oil contamination of the fuel return flow (which, if
excessive, can cause coal particles to agglomerate).

A single high-pressure seal oil system can be used if a water-soluble
seal fluid is used (eg a polyglycol such as UCON).

Pilot injection

Pilot injection is essential for engine conditions where ignition is less
reliable - starting, idle, and shutdown. The amount will depend on the
MRC properties, engine speed, cylinder size, and whether Miller cycle
is used (lowers compression temperatures). Pilot injection is
recommended for engine speeds above 400 rpm, and at low load.

The electronically controlled pilot injection is essential to allow fine-
tuning of MRC combustion.

Exhaust manifold (low
speed 2-strokes)

While the fly ash produced from MRC combustion is likely to be very
fine <10pum and to remain in suspension, the 20-40x increase in solids
passing through the engine will inevitably cause ash deposits that will
shed periodically as larger grit. A grit dropout before turbocharger is
therefore recommended (as is sometimes used with residual fuels).
Large horizontal exhaust gas ducting should be provided with a
positive grit removal system (eg bottom auger, chain conveyer,
blowers) — especially for the large main exhaust collector across the
top of the engine.

Exhaust turbine

No change for ash with aerodynamic diameter <10um. Possible use of
coated metal for inlet guide vanes.

Waste heat recovery

Conventional solid fuel boiler rather than finned heat exchangers
common for cleaner fuels. A vertical fire tube or horizontal water tube
is preferred to reduce ash clogging. Until experience is gained to prove
otherwise (given the different fuel chemistry and combustion
conditions) access is required for manual soot blowing with
compressed air or steam.

Exhaust gas cleanup

The same as used for large land mounted 2-stroke engines using heavy
fuel oils — ESP or fabric filtration, SCR and FGD

Lubrication Adjustment of crankcase oil base | Adjustment of cylinder lubricant
number to match sulfur content of | base number to match sulfur
the MRC and with increased content of the MRC. Base
detergency to keep char and ash in | number should take into account
suspension. Base number should | any sulfur reporting to the ash.
take into account any sulfur
reporting to the ash.
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3.2.2  Fuel Supply System

There have been several fuel supply systems proposed for DICE, which all involve some method
of agitating the fuel in storage, plus a valving system to enable system flushing of the pump and
lines to the injectors. A better system includes a screening system before the main fuel supply
pump and controllable return flow. This system is shown schematically in Figure 3-3 and operates
as follows:

e Fuel is stored in a 12,000 m® service tank sufficient for ten days supply for a 100 MWe
plant. This tank is equipped with either a live bottom or a very slow speed rake-type
agitator (say 1 revolution per hour). Note, that, conventional high-speed tank mixers are
ineffective, giving localised agitation only due to the shear thinning behavior of MRC, and
are energy intensive.

e Fuel passes through a pulse screen filtration device before a positive displacement supply
pump. The speed of the supply pump is controlled to maintain the supply rail pressure. A
screen aperture of 350um would be suitable for an engine with injector orifices of 600-
800um. Various screening devices can be used. However, MRC rapidly clogs filters with
apertures finer than 10-15x the maximum particle size unless pulsed. The purpose of
screening is to allow the bulk of the fuel to pass but trap major oversize particles and
contamination such as flakes of rust, paint etc.

e The fuel supply pump is a positive displacement pump (progressive cavity type) which
supplies the fuel supply rail. The speed of the supply pump is controlled to maintain the
supply rail pressure.

e Electronically controlled unit injectors are preferred for the MRC (eg HEUI or MEUI type)
to allow closer control of injection timing. The injectors should preferably incorporate fuel
circulation valves, which allow controlled flow of fuel down through the injector’s pump
and preferably down the body of the injector to the needle/cut off valve seat, and back out
to a return rail.

e A positive displacement (progressive cavity type) return pump operating in reverse is
advantageous to control the total return flow to the service tank, or in the case of flushing,
to a dump tank. The letdown pump need only be ~10% of the capacity of the supply pump
— which would enable complete flushing of the system within (say) 30 seconds. The speed
of the return pump is controllable to set the return flow. Operating the return pump in
reverse reduces shaft seal wear. Controllers should be tuned to allow dead-heading without
damaging the pumps.
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Figure 3-3
Suggested Fuel Supply System
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Fuel Injection System

A range of high-pressure injection systems have been used for MRC, including:

1.

Conventional jerk pump (200 bar) - line - media separator (shuttle piston or diaphragm) —
nozzle (GE and Cooper Bessemer during the earlier USDOE programs).

Hydraulic actuated pump (600 bar) — media separator (diaphragm) — nozzle (CSIRO)

Unit injector: Common rail hydraulics (700 bar) — seal oil protected media separator —
nozzle (WING&D/Maersk)

Unit injector: Hydraulic ram (150-300 bar) — seal oil protected plunger — nozzle
(CSIRO/MAN)

Although all options have been made to work with MRC, the unit injector-types 3 & 4 have the
advantage of compactness and controllability. Desirable features include:

1) Modular body construction (to facilitate maintenance and component development),

comprising a:
e servo oil valve module containing a high-speed solenoid valve
e hydraulic actuator module
e pump module,
e fuel ring module containing a non-return valve for the fuel inlet

¢ lower flanged body which contains the usual spring, push rod, nozzle body and cut-
off needle valve.
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2) An automatically (this could also be electronically actuated) operated return valve to
provide positive fuel flushing around the injector between injection events and whilst the
engine is standing. This ensures continuous movement of the fuel, which dramatically
reduces the chance of clogging, enables rapid fuel switching, or system flushing — either
during engine operation or when stopped. Figure 3-4 shows the circulating flow around
the injector required to ensure high reliability. This injector shown is an enlarged version
of an injector for a 4L single-cylinder laboratory engine at CSIRO.

3) All fuel wetted surfaces are provided with seal oil continuously (this can be hydraulic or
motor oil) at a slightly higher pressure than the fuel (say 25 bar).

4) The fuel pump and needle spindle are provided with high-pressure seal oil during the actual
injection event. The seal oil pressure can be provided by an integral intensifier pump
within the injector’s hydraulic ring, or from an external supply. In the case of the latter, a
two pressure system should be used to reduce seal oil pressure when the engine is standing,
to avoid unnecessary seal oil contamination of the return fuel.

5) Although MRC has a much higher viscosity than diesel fuel, CSIRO has found that only a
slightly larger orifice size is required (say 10% larger diameter) due to the strongly shear-
thinning behavior of MRC fuels (if correctly prepared). Shear-thinning results in marked
wall slip, which increases the volumetric flow of a nozzle. Experience has shown that a
nozzle size of 500-750pum will provide a balance between atomization and jet penetration
for cylinder bores up to (say) 50 cm.

Figure 3-4
CSIRO Injector Showing Fuel Return Circulating Flow through the Injector
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3.3  DICE FUEL SPECIFICATIONS

This section discusses the specifications of MRC required for combustion in DICE. An overall
summary of fuel specifications is followed by additional discussion for each of the critical
properties.

Fuel for DICE has significantly different quality requirements than for conventional coal slurry
fuels used in boilers. This difference is because engines have short combustion times (say 30 ms
in engines, versus 1-2 s in boilers), which requires more intense atomisation than for a boiler.
Also, in engines, unburnt char and ash particles will cause chronic engine wear, piston ring
jamming, and even turbocharger erosion. Also, the exhaust system of engines is not designed to
pass significant ash — which for DICE could be 30x that of even the lowest quality residual fuel
oil.

In DICE, it is paramount that the fuel 1) gives a high degree of atomization during injection (which
ensures rapid ignition, combustion, and complete burnout), 2) forms minimal abrasive ash
particles, 3) has the highest coal solids loading. These requirements will be strongly
interdependent, and also be strongly influenced by the size of the cylinders, engine speed, and the
extent of engine armoring. Overall properties include:

e Low abrasive mineral content — to minimize injector nozzle and cylinder/ring wear
especially

e Coal particle size distribution with a d50 of <15pm and a d90 <60um to ensure burnout

e High coal content to minimize latent heat losses in the engine — subject to meeting the
viscosity specifications

e High stability of formulated fuel to prevent settling in the fuel handling equipment, as well
as ease of transportation and storage

e Strongly shear thinning behavior to allow injection and effective atomization — essential
for controlled heat release and to minimize unburnt char

e Resistance to microbial action — some slurry fuels degrade rapidly, which can affect both

stability and shear thinning behavior — in addition to increasing occupational, health, and
safety (OH&S) concerns

Nominal target specifications, based on both literature and recent engine experiences are as follows
(formulated MRC slurry basis):

e Ash content < 2% (dry basis)
e Residual mineral size <l15um and preferably <Sum
e Coal particle distribution giving a d50 of < 15um and d98 < 50um
e Coal content of the fuel should be as high as attainable, while still meeting the following
nominal rheology targets:
- >10,000 mPa-s @ 0.1/s
- <400 mPa-s @ 100/s
- <100 mPa-s @ 10,000/s and be shear thinning at higher shear rates
e Heating value > 18 MJ/liter
e pHof3.5-8.5
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e Stable — say exhibiting no settling (coherent cake on the bottom surface) over 90 days when
stored in a sealed 500 mL measuring cylinder at (constant) ambient temperature. After 90
days, all MRC should drain from the upturned measuring cylinder

Experience has shown that, while individual properties can be readily met, achieving a balance
between all properties is more difficult. For example, a high SE fuel can be produced by increasing
the solids content, which will have the advantage of also increasing fuel stability. However, this
will also increase the viscosity and may cause shear thickening behavior, which will make the fuel
very difficult (even impossible) to inject, resulting in poor atomization. The resulting large fuel
droplets (containing many smaller coal particles) will likely dry to form a single large coal
agglomerate, resulting in slower ignition and incomplete combustion. This will invariably lead to
chronic ring jamming by char. The resulting flash from poor atomization is also likely to be larger
due to the interaction and fusing of fine mineral grains and organically bound ash forming
components within the coal. These interactions are discussed in more detail below.

3.3.1 Coal Loading

Coal loading has two main effects, 1) strongly affects fuel viscosity — especially at higher coal
loadings (say >55 wt%), and 2) water reduces the calorific value of the fuel and increases the latent
heat penalty.

It is important to note that while the effect of coal loading on calorific value is linear, the effect on
viscosity is exponential at higher coal loadings (say 57wt% for bituminous coals, and above 53%
for sub-bituminous coals — depending on the shape of the size distribution). This rapid increase in
viscosity means that the maximum coal loading is usually dictated by the highest viscosity - which
ensures satisfactory atomization..

3.3.2 Coal Particle Size

As a guide, at 500 rpm, around 30 ms is available for combustion, and practical experience
suggests that a coal top size of 50-60um will give satisfactory combustion with minimal unburnt
char in the exhaust — providing atomization is sufficient. Sub-bituminous coals (higher oxygen
content, more reactive chars) and lower speed engines are likely to allow a coarser tail in the size
distribution.

However, there are several other factors that need to be considered, as the particle size distribution
of the coal in the MRC strongly affects the fuel’s rheology for a given coal loading, and therefore
its atomization, ignition, and combustion. The particle size distribution also affects the degree of
mineral liberation during fuel preparation and the size distribution of liberated minerals in the final
fuel. In general:

e A wide size distribution allows a higher particle packing efficiency, and therefore coal
loading (this can be calculated), which improves thermal efficiency and fuel stability, and
reduces fuel transport costs.

¢ An optimum coal loading and wide particle size distribution should give a high low shear
viscosity (essential for fuel stability in storage) and shear thinning behavior, which enables
injection and atomization. Coal loadings above the optimum rapidly cause shear-
thickening fuel, which causes fuel system clogging and poor atomization.

e Both the quality of atomization and the coal top size affect the effective size of the coal at
the time of ignition - which in turn determines the time for combustion. Finer grinds may
not be better: For example, overly fine grinds can increase fuel viscosity and result in poor
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atomization. Subsequent agglomeration of the coal during heating, and before combustion,
results in a coarser effective coal particle size distribution than that of dispersed particles.

In general, the slower the engine, the larger the allowable top size; however, this also depends on
the devolatilization behavior of the coal under the extremely rapid heating and intense combustion
intensity in an engine. Combustion intensity can exceed 5 GW/m3 — around two orders greater
than for pf combustion —some coals are likely to exhibit a large enhancement in volatiles yield,
which gives faster ignition and combustion. Overall, combustion data for coal in engines is
lacking, and existing data for pulverized coal firing is likely to be misleading for DICE.

3.3.3 Coal Volatiles

Although there is no literature information on the effect of coal volatile content, with previous
engine experience using only medium to high volatile coals (28-40%), higher volatile coals are
expected to give improved ignition and combustion. However, the standard method of
determination of coal volatiles (the Proximate analysis) will underestimate the effective volatiles
content under the extremely rapid heating rates of atomized MRC and the high pressures in diesel
engines (which can exceed 150 bar at the start of injection). The morphology of the resulting char
is also likely to be very different than that for conventional pulverized coal combustion in boilers,
and more akin to that in slurry fed gasification.

The effects of volatiles on ignition and combustion are also affected by the oxygen content of the
coal. For example, CSIRO has found that low volatile chars (carbonized at 850°C and containing
around 5% volatiles) require 40°C higher charge temperature to achieve the same ignition
performance as a 30% VM bituminous coal, and hydrothermally treated Victorian brown coal
(45% VM and with 25-27% O) giving an ignition temperature 60°C lower. Note that with these
low rank coals, a significant proportion of the volatiles content is CO2 and H20).

3.34 Ash content

Ash is the residue after complete combustion, and comprises altered mineral particles from the
extraneous ash components, plus finer particles from condensed, oxidized and sulfated compounds
formed from the fine, organically bound and mineral particles contained within the coal particles.
As the latter interact during burnout of the char, these particles are usually a complex mixture of
aluminosilicates and sulfates depending on the coal.

After combustion in a diesel engine, all mineral particles below 10um size are spheroidized,
including quartz. However, even highly fused ash particles have the potential to cause cylinder
wear unless the diameter is less than the minimum oil film thickness (1-2um). Larger sand
particles will be most problematic.

For low rank coals and wood chars, the ash also comprises ultra-fine micron size particles formed
from the volatilized ash components. Cenospheres have also been observed (see Figure 3-5).
Neither the submicron fume nor the cenospheres are likely to cause abrasive wear.

The wear implications of ash require that a detailed investigation of the occurrence of the ash
forming constituents of the target coal is undertaken to understand the ramifications for engine
wear. This also requires collecting fly ash from either an engine or an appropriate high-pressure
spray combustion chamber.

O Nexanr 100 MWe DICE CRCC Pre-FEED Study 164
Performance Results Report



AL N
wHna. =i

o
o . = W 1m o
:..._....I " G .u .-q....._.u im.u. r..._-.wm ) ~ nuv o e g T

[e09 UBLIOJIIA pajeal] AjjewsyjolpAH e Buisn 39|q wo.y sasaydsouad jo sabew| N3IS
G-¢ ainbi4

165

100 MWe DICE CRCC Pre-FEED Study
Performance Results Report

) Nexanr



The present understanding of ash-engine interactions is that:

e Coarse (say, >5um) and hard minerals (quartz, pyrites, rutile) in the fuel will increase
abrasive wear of the atomizer nozzles, rings, cylinder wear, exhaust valve seat, and the
turbocharger turbine inlet vanes and rotor.

e Ash residues can also deposit in the oil film on the cylinder wall and be scrapped by ring
action to pack in the piston ring grooves behind the ring — a potentially serious condition
leading to catastrophic scuffing.

Although these issues could theoretically be eliminated by using harder material and changing the
design of engine componentry, all previous DICE projects have been on the basis that DICE
requires cost-effective production of ultra-low ash coals - the cleaner, the better.

However, coal specifications for commercial deployment of large diesel engines remain to be
established, and in particular, there is a lack of data linking engine wear to ash content and the
morphology of the mineral content. Also, there is no information on the trade-off between
processing cost, fuel ash, and engine component and maintenance costs. For example, abrasive
wear can only occur if the abrading particle is 30% (approximately) harder than the underlying
material. For coal ash, the dominant hard material is usually quartz with a hardness (Vickers) of
around 11 kgf/mm?, showing that a wide range of commercially available ceramics could be used
to prevent abrasive wear (Figure 3-6) — provided that they can be incorporated into an engine.

Figure 3-6
Hardness of Materials Relative to Coal Ash
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The earlier USDOE work generally concluded that coal with 2-3% ash would likely be suitable,
thereby enabling the use of physically cleaned coals (as distinct from more costly chemical
cleaning). In recent studies with MAN and WING&D/Maersk, the target ash was <1.5% with a
maximum of 2%, noting that this limit was set by available fuel quality and the use of unarmored
engines, rather than based on a sound techno-economic basis. Also, these targets were set with
little consideration of the type and morphology of the starting mineral matter — mostly due to
limited capacity to produce tonnage fuel required for the large engine tests involved. The
morphology is very significant, as recent wear tests (using a modified HFRR test) by CSIRO has
shown that oils contaminated with fine ash from lower rank coals decreases wear of hardened steel
by up to 30%. For tungsten carbide HFRR components, there was a negligible difference between
clean and contaminated oils regardless of the mineral type.

Overall, the lack of data has caused a divergence of philosophies between the engine manufactures
and the coal industry, which has hampered DICE development. To generalize, the engine
manufactures have required that the fuel should be made to match the (current) engine
componentry, whilst the coal suppliers have pressed for armored engine componentry to allow
higher ash MRC. This dilemma requires that a full-size DICE facility (including fuel preparation
plant) are established to allow longer-duration engine trials with armored engine componentry,
and for a range of MRC quality. Quantifying the effect of ash on engine componentry costs,
durability, and other R&M issues would result in a scientifically based coal quality value model
needed to progress the technology.

3.3.5 Sulfur

Large diesel engines designed to operate with heavy fuel oil can tolerate relatively high sulfur fuels
(2 percent) providing cylinder lubrication uses the appropriate lubricant (i.e. base number) to avoid
acid attack of the cylinder walls. As MRC will require deep cleaning of coal, sulfur levels of PRB
coals will not be a problem — even if S containing dispersants are used for fuel formulation (e.g.,
NaPSS — sodium polystyrene sulfonate).

3.3.6 Alkalis

While alkalis are a significant issue for coal-fired boilers (nominally, for Na2O:SiO2 ratios >0.04,
or in the presence of high S and Cl), to date, there is no evidence that alkalis are an issue for DICE.
Recent CSIRO experience with a chemically cleaned coal (a caustic ash removal process) with a
high Na:SiO2 ratio showed negligible ash deposits after 40 hours at full load of a 4-liter single-
cylinder test engine — see Figure 3-7. Other indirect evidence is from marine engines, which show
no cylinder fouling despite ingesting salt spray (from humidification or aftercooler leaks).

It is surmised that the lack of ash fouling is a result of the large pressure swings (> 100 bar) for
each engine cycle, which regularly mechanically sheds the porous particulate ash deposits (ie
deposit panting).
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Figure 3-7
Head Valves after 40 hours of Full-Load Operation Using MRC Produced from Yancoal UCC

4

3.3.7 Viscosity/Rheology

Fuel rheology has been largely overlooked in previous RD&D programs to use coal for diesel
engines, other than to ensure the fuel's viscosity was sufficiently low to enable injection without
nozzle clogging. However, in the recent CSIRO studies, fuel rheology was a major focus due to
other important interrelated effects - ignition, burnout, and both injector and cylinder wear.

In general, the coal content must be maximized (at least 50%, and preferably >55%) to reduce
latent heat penalty - but also while meeting the following rheological targets:

e High viscosity at low shear rates (say 10,000 mPa.s @ 0.1/s) is essential for good stability
e Rheology that is strongly shear thinning
e Viscosity of <400 mPa.s @ 500/s to ensure good injectibility and atomization.

These specifications are very different to that of coal water slurries for boilers, which have a higher
coal loading and much higher viscosity at higher shear rates (including being shear-thickening
rather than thinning). This difference in rheology is clearly apparent when the different fuels are
poured from a beaker, as shown in Figure 3-8.

The first two requirements above — stability and shear thinnng - are the most important attributes,
as fuel stability is essential to producing a fuel with the correct rheological properties for DICE:
Stable and shear thinning fuel (providing the calific value is high enough) will always makes a
good engine fuel — which can be thinned if necessary prior to injection with trim water additions.
However, the reverse is not always the case: Highly injectable fuels will not automatically exhibit
good stability. Strongly shear thinning fuel (correlates with good stability, handling, injectability,
atomization - and ultimately good combustion and reduced wear issues from unburnt char packing
behind piston rings.
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Figure 3-8
Fuel Rheology: Left, Coal Water Fuel for a boiler by JGC; right, MRC for DICE

Unstable fuel is particularly problematic, regardless of how well it injects, due to the formation of
deposits in fuel handling equipment, which, at worse will clog fuel injector nozzles, or at least
increase the effective particle size of the fuel entering the combustion chamber leading to poor
combustion and char issues. Once MRC forms a hard pack deposit due to poor stability,
mechanical means are required for its removal. Figure 3-9 shows nominal rheology plots for good,
and poor MRC fuels.
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Figure 3-9
Nominal MRC Rheology for a Good and Poor Fuel
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3.3.8  Stability

Fuel stability, or lack of build-up of sediment in fuel containers with storage, is essential to avoid
serious operational issues from blockages, plus secondary effects described in the rheology section
above. An unstable fuel is unacceptable for DICE.

Most established stability tests only require stability over relatively short periods (say) 1 week —
this is too short. CSIRO work is aimed at 100% stability for >1 month, and preferably >6 months.
This testing period is much longer than specified by most stability tests for coal water fuels for
boilers. It is noted that some bulk slurries produced to this specification have been completely
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stable with negligible sediment for more than 2 years. In general, lower rank coals will provide
more stable fuels.

3.3.9 Control of Microbial Activity

Microbial activity in the fuel has the potential to destabilise the slurry, in addition to causing safety
concerns. However, CSIRO experience with MRC fuels from 48 coals from Australia, Venezuela,
Indonesia, and Germany have shown no evidence of microbial activity — except for a single NSW
coal slurry prepared by others. Microbial activity has however, been observed with MRC
produced from low-temperature chars — see Figure 3-10.

Figure 3-10
Microbial Activity on Pine Char Slurry after 205 Days
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3.4  DICE PERFORMANCE

3.41 DICE Performance Modeling

Engine:

e Stock engine is based on Wirtsila 18V46, but with estimation of many key parameters
e Thermal efficiency loss using MRC slurry is estimated approximately 1.8 percentage points
e Output reduction is estimated as 9 percent (based on Orimulsion experience)

Fuel:

e PRB coal, analysis as supplied, normalized to 2 percent ash dry basis, as specified by the coal

beneficiation process

e MRC slurry assumes 55 wt% coal.
e Temperature on injection 90 °C.

e Pilot fuel is diesel at 5 percent of the total heat rate

Stock engine heat and mass balance data fired with HFO and MRC slurry is presented in Table

3-2.

Table 3-2

Stock Engine Heat and Mass Balance

Stock Engine MRC Slurry (Fuel
(HFO Fuel) MRC Slurry preheat)
Heat Consumption kWth 37,480 36,578 35,491
Fuel Heating kWth 389
Charge Air Cooler Heat Rejection | kWth 5,082 5,082 5,082
Lube Qil kWth 2,294 2,294 2,294
Jacket Water kWth 1,694 1,694 1,694
Surface heat kWth 519 519 519
Exhaust kWth 10,289 10,740 10,042
Mechanical Losses kW 231 231
Shaft Output kw 17,602 16,018 16,018
47.0% 43.8% 45.1%
Heat Balance Error kW 0 0 0
HB Error / Heat Consumption 0.00% 0.00% 0.00%
Generator Output kWe 17,303 15,746 15,746
Generator Efficiency 98.30% 98.30% 98.30%
Overall Efficiency 46.17% 43.05% 44.37%
Exhaust Flow kg/h 106,920 106,920 106,920
kals 29.70 29.70 29.70
Exhaust Temp °C 342.0 369.0 327.2

With the turbocharger removed, engine charge air is supplied at 5 bar and 70 °C by the MAC
with the aftercooler. Exhaust gas is at 4 bar and 530°C. Engine heat and mass balance in the
Thermoflex model is shown in Figure 3-11.
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Figure 3-11

Thermoflex “User-Defined” Reciprocating Engine DICE Model
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3.4.2 Performance Validation

The DICE performance model development was described in great detail in Section 2.2.3 of the
Conceptual Design Final Report (submitted on August 13, 2019) and will not be repeated herein.
In brief, it was an amalgamation of several sources of data and information, including

- OEM’s specs (tested for heat and mass balance consistency)

- Detailed engine simulation by Czero, Inc (including combustion modeling)
- Published DICE performance reports

- Field experience with Orimulsion

At this point, there is no opportunity to validate the predicted performance in the field or in the
laboratory. The only available option was to ask a third party to conduct a rigorous engine
simulation study and compare the results with what we have. Consequently, CSIRO, who has
done extensive studies on DICE, was contracted to undertake this study as part of their contract.
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Due to their unique position of being the most experienced organization in DICE (and their
extensive past collaboration with MAN in fuel injector development and testing), CSIRO is in the
best position to provide valuable feedback on DICE performance predictions.

Nevertheless, it is important to realize that this type of simulation can only provide a guide to
engine performance until detailed information is available on the combustion characteristics of the
chosen PRB coal, and engine adaptations are proven with full-scale operational experience. For
example, the engine maker may require the derating of the peak firing pressure due to ring wear
concerns or may reduce the allowable pressure limit to account for the increase in power (and
therefore stresses on other parts of the engine) that is possible with MRC firing.

The CSIRO DICE engine modeling/simulation study is described in detail below and in Appendix
C of the overall pre-FEED study package.

An engine model was used to predict the thermal efficiency and exhaust gas of a MAN
18V48/60TS engine using MRC from a Powder River Basin coal (2wt% ash, but otherwise using
an as-mined coal composition). This data is required for the assessment of heat
recovery/integration options by others.

The engine model used is a 1-dimensional thermodynamic model, using thermodynamic data from
the NASA thermo-build system, and free energy minimization from the NASA CEA program. In-
cylinder processes assume a homogeneous mixture of air and combustion products, ideal gas
behavior and that the system is at thermodynamic equilibrium.

3.4.2.1  Cylinder heat loss

The heat transfer co-efficient is calculated using the Woschini equation?. With this equation three
stages in an engine cycle considered:

- gas exchange period (between exhaust valve open and inlet valve close)
- compression

- combustion and expansion period
3.26

.= D—O.Z P0.8 T_0'53’LU’0'8
1000

where:

>
I

heat transfer coefficient (kW/m?K)
= cylinder bore (m)

P = cylinder pressure (kPa)

2 Woschni, G., "A Universally Applicable Equation for the Instantaneous Heat Transfer Coefficient in the Internal
Combustion Engine," SAE Transactions, Vol. 76, p. 3065, 1967
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T = cylinder temperature (K)

w = average cylinder gas velocity (m/s)
w = C;SMeanpiston T C2 Vaisptacement o ®— Pm)
poVo
where:
Cy = constant (6.18 for period 1; 2.28 for periods 2 and 3)
SMeanPiston = = mean piston speed (m/s)
C, = constant (0 for periods 1 and 2; 3.24 x 107 for period 3)
Vaisplacement = cylinder displaced volume (m?)
Ty, po, Vo = temperature, pressure and volume

3.4.2.2  Equilibrium Products

Additionally, during combustion, the equilibrium composition is calculated using free energy
minimization. A limited number of species are modeled, Ar, CO, CO2, H, H2, H20, N, N2, NO,
NO2, N20O, O, O2, OH, SO2. These species are the only ones that will occur at any significant
concentrations and were included mostly to account for dissociation at higher temperatures, rather
than the amounts of minor species. SO: levels in the exhaust gas assumed that there is no
partitioning of S to fly ash components. While the latter does occur in boiler off-gases (especially
for coals with high alkali/alkaline ash), the extent is unknown for DICE with much shorter
residence times below 1000°C.

3.4.2.3 Friction Calculations

The model uses the Chen-Flynn friction model® which has the form:

FMEP = Crmep + (Cpcp * Preak) + (Cwmps * Smeanpision) + (CMPss * VMeanPistion”)
where:

FMEP = friction mean effective pressure (bar)

CrmEP = constant for FMEP

Crcp = constant factor for peak cylinder pressure

3 Chen, S.K., and Flynn, P.F., "Development of a Single Cylinder Compression Ignition Research Engine," SAE
Paper 650733
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Preak = peak Cylinder Pressure (bar)

Cwmps = constant factor for mean cylinder velocity
SMeanPiston = mean piston velocity (m/s)
Cwmpss = constant factor for mean cylinder velocity squared

3.4.2.4 Heat Release Rate

The most important aspect of the combustion phase is the calculation of the rate at which the fuel
will combust, generally referred to as the heat release rate (HRR). The model using a three term
Weibe heat release model fitted with actual heat release rate data from a hydrothermally treated
Victorian lignite, which imposes a non-predictive burn rate based on crank angle.

Its single term form is

Ca - (2.302—(1+EA)D—A0.105—(1+EA))_(1+EA)

where:
Ca = Weibe constant for part of the combustion
Dy = duration of that part of the combustion (°)
E4 = exponent for that part of the combustion

In the three-term form used in the model, the combustion profile is separated into three section, a
premix phase, a main diffusive phase and a tail diffusive phase. With these three phases an overall
expression for the fraction of fuel consumed is as follows:

Fy =1-(Fp+ Fy)

(Ep+1)
Frue1(0) = Fp(1 — e_Cp(G_TSOI_TIynD) pH +
Fd(l — e_Cd(e_TSOI_j}gnD)(Ed+1) +

E
F.(1- e—Ct(Q—TsorTIgnD)( G

where:

Frue1(0) Fraction of fuel burnt at crank angle 6

4 Wiebe 1., Halbempirishe Formel dur die Verbrennungsgeschwindigkeit, in Krafstoffaufbereitung und
Verbrennung bei Dieselmotoren, ed. G Sitkei, pp. 156-159, Springer-Verlag, Berlin, 1964
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Fp = Fraction of fuel burnt in premix phase
Fy, = Fraction of fuel burnt in diffusive phase
F; = Fraction of fuel burnt in tail phase

The values of the constants can be varied to match actual heat release data from experimental data.
In the model this has been done with the data for coal, while recommended values have been used
for diesel.

During the exhaust phase the cylinder contents discharge to an exhaust chamber, which is assumed
to remain at a constant pressure.

To calculate the exhaust mass flow, compressible flow through the exhaust valve in both choked
and un-choked conditions must be modeled — based on the criteria of Streeter and Wiley.

The effective area for the exhaust port is calculated as the annular area created between the actual
exhaust port and the exhaust valve as it is opened multiplied by a discharge coefficient. The lift
profile is modeled initially with a sinusoidal function based on a specified lift rate. The area is
then unchanging until the valve closes again based on the same lift rate. The shape of the curve
can be varied by changing the value of the lift rate as well as the opening and closing positions.

3.4.2.5 Base Engine Parameters

The model was based on engine parameters obtained from MAN Energy Solutions, and missing
parameters (some key information are proprietary) estimated from best available literature data —
e.g., valve timing. The procedure was to:

¢ Obtain a reasonable fit with published data using diesel fuel, and using the same parameters
repeat for PRB coal assuming 50 and 55wt% coal in the fuel (Cases PRB-1 and PRB-2
respectively).

e Repeat the calculations for two different firing strategies: PRB-3--fixed heat input rate and
PRB 4--fixed peak combustion pressure. These cases were included to simulate likely
operating extremes using MRC (because the water content and heat release rate are
significantly different from diesel fuel oil, resulting in lower combustion pressure).

The ignition delay for fuel oil was 2.5 ms, and for MRC 5 ms was used (experimentally determined
for hydrothermally treated Victorian brown coal).

34.26 Results

The full set of modeling results are presented in CSIRO DICE Study Report in Appendix C. The
modeling results for the four combinations described above show that Cases PRB-1 and PRB-2
(with the same heat input as for diesel fuel oil) give the closest match in engine performance, with:

- Thermal efficiency of 45.1-45.8% LHV.
- A 40 bar (15%) reduction in the peak combustion pressure.
- A decrease in power output of 6-8%.
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- An increase in coal loading from 50 to 55%, giving an increase in thermal efficiency
of 0.7% points, or a decrease in the heat rate of 1.6%.

These findings fully confirmed the findings from the conceptual design study. Consequently, it
was decided to continue the pre-FEED study with the DICE engine performance used in the
conceptual design study.

The modeling results with the same peak pressure as for diesel fuel oil, Cases PRB-3 and PRB-4,
gave a radical change in engine output and exhaust conditions. If practical (at this point not
deemed to be likely), this method of firing would

e Increase power output by around 68%.

e Increase exhaust temperature significantly and reduce the oxygen content to 6-7 mol% (and
thereby increase CO content).

e Reduce engine thermal efficiency by 4.5% points compared to diesel fuel.

e Overall, this option would be best suited for plants additional heat integration — including
with waste heat recovery by turbo compounding and/or steam plant, or post-combustion
capture of COa.
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Section 4 DICE CRCC Other Major Plant Components

The remaining major plant system components were previously described in the Phase 1
Conceptual Design Report and reported here for completeness and clarity. These system
components are standard off-the-shelf equipment that are commercially available and do not need
further development.

4.1 MAIN AIR COMPRESSOR

The main air compressor (MAC) is an integrally-geared, intercooled centrifugal process
compressor, which supplies the charge air to the DICE. For the present plant concept, Siemens
Turbocompressor STC-GV (200-3) is considered. The compressor package includes the main
driver (electric motor), air inlet filter, auxiliary support systems and the control system. The
compressor has three stages with a 78 in. first stage impeller. Power consumption is about 110 hp
(about 85 kW) per Ib/s of airflow. The unit can be turned down to 50 percent flow with cooled
bypass.

Figure 4-1
Main Air Compressor (MAC) Plane View (Siemens)

VK 80 - 320
Design C

A: 8,490 mm (overall length), B: 10,400 mm (width), C: 8,500 mm (overall height), D: 6,900 mm (shaft
centerline height), E: 9,500 mm (crane hook height)
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4.2 HOT GAS EXPANDER

The hot gas expander (HGE) is a product of Baker Hughes (BHGE, formerly Nuovo Pignone of
General Electric). BHGE had previously designed and commissioned several units of the same
frame size proposed for this application (up to a pressure ratio of 4 and inlet temperature of 1,400
°F). An elevation view of the HGE is shown in Figure 4-2. The machine has four major parts:
Intake casing and nose cone, rotor assembly, inner exhaust casing and exhaust casing. The rotor
assembly comprises the following parts: shaft, rotor disc (from austenitic nickel-based superalloy),
seal ring, tie bolt and rotor blades. At 4 bara and 760 °C inlet conditions, the unit can generate
about 140 kW per Ib/s of gas flow. At the introductory pre-FEED conditions, i.e., pressure ratio
of about 3.6 and inlet temperature of about 980°F, the specific power output is about 95 kW per
1b/s.

Hot gas turbo-expanders are widely employed in Fluid Catalytic Cracking (FCC) industry for
conversion of flue gas pressure into useful shaft power. For reliable operation and long blade life
(up to four years before replacement), catalytic fines in the flue gas must be removed prior to entry
into the expander®. Otherwise, extremely abrasive particles can catastrophically damage the blades
and casing walls within a few hundreds of hours of operation.

Figure 4-2
Baker Hughes Hot Gas Expander (HGE) Elevation View

....... — e
EE | MBI PULL S0 DUEMS TR

5 Catalytic (or catalyst) fines, cat fines in short, are hard aluminum and silicon oxide particles that are normally
present in heavy fuel oil. For refineries relying on catalytic cracking, cat fines are added to the crude oil to enhance
low temperature fuel cracking.
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43  THIRD-STAGE SEPARATOR

For the hot gas expander, BHGE requires that the abrasive particle concentration in the flue gas to
the expander shall be maintained at less than 100 ppm. Furthermore, abrasive particle size
distribution should not exceed 12 microns with D75 of two microns. In FCC applications, cat
fines are removed in large-diameter primary/secondary cyclones in the FCC regenerator and in the
“third-stage separator” (TSS) prior to entry into the HGE.

In refineries, typically, 2 to 8 primary and 2 to 8 secondary cyclones are utilized in FCC
regenerators because of mechanical constraints and pressure drop concerns. These cyclones have
a fairly large diameter, which restricts the amount of centrifugal acceleration which can be
achieved. These cyclones let particles below 15 to 20 micron range pass through. Thus, a Third-
Stage Separator (TSS) is installed upstream of the turbo-expander to reduce the catalyst fine
loading and protect the blades. In essence, TSS is a containment vessel with a multitude of small-
diameter cyclones inside. They are designed to withstand very abrasive service at a temperature
of 1,450 °F. As such, TSS is the ideal choice for particle removal equipment in DICE CRCC.

44  HRSG

The HRSG is single-pressure with no-reheat and includes the SCR and CO catalyst sections. It is
equipped with a duct burner upstream of the HP superheater section. The scope of supply of the
HRSG vendor is complete from the combustion turbine outlet flange through the exhaust stack
including all of the required pressure parts necessary to generate the desired HP steam production,
LP system for generation of deaerating steam (either to an integral deaerator supplied by the vendor
or a remote deaerator supplied by others), interconnecting ASME Section I Code piping local to
the boiler, ASME boiler trim including feedwater control valve stations and water and steam flow
measurement devices, recirculation system to elevate the temperature of the incoming condensate
to 60 °C (140 °F), exhaust stack with CEMS ports, ladders, platforms and stair-tower.

During the study, several design modifications are adopted:

= The LP section is omitted; condensate return from the PCC stripper reboiler at a high
pressure (i.e., above 50 psia), operating the deaerator at a high pressure (say, 45 to 50 psia)
and venting steam is sufficient to maintain the dissolved Oz limit (typically, 7 ppb).

=  When the PCC block is off-line, steam extracted from the HP section is utilized to heat the
condensate coming from the steam turbine condenser for deaeration.

Sulfuric acid dew point is calculated as 291 °F (144 °C). Condensate temperature at the
economizer inlet is 283 °F (139 °C) (247 °F [119 °C] when PCC block is offline). In order to
ensure minimum tube surface temperature to prevent sulfuric acid condensation on the economizer
tubes, the feedwater is recirculated from the economizer discharge to economizer inlet to maintain
150 °C (302 °F) tube temperature.

The HRSG is supplementary (or “duct”) fired with natural gas to produce the requisite amount of
steam for the MEA stripper reboiler in the PCC plant.
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45  BACK-PRESSURE STEAM TURBINE (BPST)

The study concept incorporates PCC with amine-based chemical absorption technology. The main
purpose of the bottoming cycle is to supply 60 psia nominally saturated steam to the PCC stripper’s
kettle reboiler. This precludes the utilization of an efficient bottoming cycle design with a
condensing steam turbine. The steam turbine in the plant is a backpressure, non-condensing unit,
nominally rated at 20,000 hp, which can be supplied off-the-shelf by a multitude of OEMs, e.g.,
Siemens’ Dresser-Rand (D-R) subsidiary. The specific unit that fits the requirements of the
application is D-R R/RS standard multi-stage steam turbine, as shown in Figure 4-3. This machine
can handle steam inlet conditions up to 915 psia and 900°F. It is designed in compliance with API
611/612 standards with impulse-type blading. The steam turbine rating can be up to 33,500 hp
and turbine speed is 15,000 rpm (or less depending on the rating). In this conceptual design, steam
conditions are set to 650 psia and 750°F. The turbine is connected to the generator via a gearbox.

Figure 4-3
Dresser-Rand DR R/RS Type Steam Turbine
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46  LP CONDENSING TURBINE AND SURFACE CONDENSER

Additionally, the DICE CRCC plant is designed for maximum power generation with the addition
of a low-pressure (LP) condensing turbine for use exclusively when the PCC is offline. The
turbine generates additional power from the steam that is normally routed to the PCC when it is in
operation.

The LP turbine is connected to the generator via a SSS (“triple S”) clutch. The clutch separates
the LP turbine from the generator when the PCC is online. When the PCC is offline, steam from
the backpressure is routed to the LP turbine, which starts spinning and the SSS clutch automatically
engages for additional power generation. The condenser pressure during LP turbine operation is
setto 2.5 in Hg. Condenser cooling water system forms a closed loop with the plant cooling tower.

4.7  DIRECT CONTACT CAUSTIC SCRUBBER/COOLER

For the 100 MWe DICE CRCC plant, a direct contact cooler (DCC) with caustic injection is used
to cool the flue gas and remove the bulk of the SOx in the flue gas. This is a packed bed absorber
with circulating water to condense out most of the moisture in the flue gas feed. In the DCC, water
is directed downward through a packing media to counter the upward flow of the flue gas and to
cool it to the required temperature. It also removes acid gases down to around 10 ppm SO2
equivalent, using caustic injection as determined by pH control.

48  POST-COMBUSTION CO2 CAPTURE (PCC) PLANT

A single-train MEA-based PCC plant treats the flue gas leaving the HRSG to recover 90 percent
of the CO2. The PCC plant consists of two sections: a CO2 Capture Plant to extract the CO2 from
the flue gas; and a CO2 Compression Plant to pressurize the CO2 product for delivery to final
sequestration. The CO2 Capture Plant will be designed with state-of-the-art generic 30 wt% MEA
technology. All equipment in the CO2 Capture Plant is constructed of stainless steel to minimize
corrosion effects associated with 30 wt% MEA.

4.8.1 CO2 Capture Plant

The COz2 capture plant process scheme consists of flue gas CO2 absorption and amine solution
regeneration.

A flue gas blower located between the scrubber and absorber boosts the pressure of the flue gas in
order to overcome the pressure drop associated with the CO2 absorber. The boosted flue gas with
enters the bottom of the absorber column and is scrubbed counter-currently by lean 30 wt% MEA
solution to remove 90 percent of its CO2 content. The CO2-depleted flue gas continues to travel
upwards to the water wash section of the tower, where it is contacted counter-currently with wash
water to remove any amine and volatile organic compounds (VOCs) present in the gas, before it
is routed to the stack for venting to atmosphere.

The COz-rich MEA solvent is collected at the bottom of the absorber and pumped to the stripper
column for CO:z regeneration. Heat is recovered in a rich/lean amine heat exchanger to recover
some of the energy in the hot lean amine to minimize steam consumption in the stripper reboiler.
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The heated rich solution is then stripped of COz2 in a reboiled amine stripper to regenerate the lean
MEA solution. Overhead vapor from the stripper is cooled with cooling water in an overhead
condenser and sent to a reflux drum. The vapor leaving the drum is the recovered CO2 and needs
to be compressed in the CO2 compression plant before it can be delivered to the battery limit.

The stripper reboiler, a kettle-type heat exchanger, is heated with 60 psia saturated steam leaving
the BPST to generate the vapor used to strip the CO2 from the MEA solution. The steam is
condensed in the reboiler and is pumped back to the HRSG to be heated by the hot flue gas again.

482 CO2 Compression Plant

The CO2 from the CO: capture plant needs to be delivered to the battery limit at 2215 psia. This
is accomplished first by compressing the CO2 vapor to 1,315 psia in a 3-stage centrifugal CO2
compressor with inter-stage cooling. Each stage has an average compression ratio of
approximately 4. The cooled supercritical CO2 at 1,315 psia is then pumped to the final delivery
pressure of 2,215 psia (152 bara).

In order to meet the 50 ppm water specification for the CO2 product, the COz is dried in a heatless
dehydration unit after the second stage of compression at approximately 365 psia. This unit is a
pressure swing absorption system that utilizes molecular sieve adsorbents to remove water. It
consists of two tanks storing the adsorbents and alternating with each other in drying the inlet gas.
About 7 percent of the inlet gas volume is purged in a stream containing the adsorbed moisture.
This purge stream is recycled back to the first stage of CO2 compression where the moisture is
removed in the first stage knockout. The net condensate collected from the CO2 compression
section is sent back to the amine stripper for recovery.
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Section 5 DICE CRCC Plant Performance

5.1

PROCESS FLOW DIAGRAM

The overall DICE CRCC power plant PFD is shown in Figure 5-1 and comprises the following:

Coal beneficiation plant

5 DICE (nominally 20 MWe each)

1 main air compressor (MAC)

1 hot gas expander

Bottoming cycle consisting of HRSG with natural gas duct firing and back pressure steam
turbine

30 wt% MEA-based PCC unit capturing 90 percent of CO2 in the flue gas

The overall cycle is described as follows:

Charge air for the DICE is supplied by the MAC (an integrally geared and intercooled
process compressor)

Exhaust gas from the DICE generates additional power in a hot gas expander

Gas turbine exhaust is utilized in a natural gas duct fired HRSG to produce enough steam
for COz2 capture

Superheated steam produced in the HRSG is expanded in a backpressure steam turbine
(BPST) to generate additional power

BPST exhaust steam is desuperheated and sent to the PCC amine stripper reboiler, where
its latent heat of condensation is used to regenerate the lean MEA solution

The hot condensate leaving the stripper reboiler is routed back to the HRSG to be heated
and make steam

Additional process flow diagrams depicting in more detail, the CO2 capture plant, and CO2
compression plant, are shown in Figure 5-2 and Figure 5-3 respectively. The coal beneficiation
plant simplified block flow diagram and detailed process flowsheet have previously been shown
in Figure 2-2 and Figure 2-3 respectively.
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5.2 HEAT AND MATERIAL BALANCE

The corresponding heat and material balance details of the major streams shown in Figure 5-1
are presented in Table 5-1.

o Nexanr 100 MWe DICE CRCC Pre-FEED Study 186
Performance Results Report



Jall0gay Jojelousboy
00d 0} wesjg pajeinies

®

19suapuo)

OSYH 0}

uinjey ajesuapuo)

00d Van

@ %M 0€

o

O

H

Jossaidwo)
200

@v }onpoid 20D

y

&

(20@) Je1009
10BjU0Y 10811Q

OSHH

&

ﬂe [eanjeN

se9

usv Al4

Jopuedx3
Se9) JoH

?

Mo
M RGN

&
_ ®

v

3010 %

- &

®

[erowiay
ajenoned

&

v

$58001d

fend Joiid
lesaIq

l———

uopeloyeusg eO
ORI Ko

weJbelq mo|4 $S3204d JJUD 3DIQ IeulwoN M 001

}-G a.nbi4

187

100 MWe DICE CRCC Pre-FEED Study
Performance Results Report

¢ Nexanr



08 c'ev9 8'G86 - 8'G86 085Sl 065 - - - 4, ‘@inmesedws |
ocy €6l €99 - €99 gcL L'yl - - - elsd ‘ainssaid
0 0 0 Lb Lb 0 0 0 0 0 Ju/an ‘ysy

0 0 0 0 0 0 0 0 616 0 y/am ‘ereamol4 Aunig

0 0 0 0 0 0 0 L'l 0 0 Jy/qp ‘e1eimold [@seld

0 0 0 0 0 0 0 0 0 88yl dy/qp ‘er1eimol4 [eoD
¥19 1,680% 9€60Y 0 9€60Y 1€9/€ 1€9/€ 0 0 0 Jyj/jowq ‘ajeImold T-A
90l 9811 9811 0 9811 6'G801 6'G801 0 0 0 Jy/qp ‘e1eImold T-A
90l 0 0 0 0 0 0 0 0 0 Ju/qp| ‘e1eimold Seo [eineN
00000 0000°L 0000°L 00000 0000°L 0000°L 0000°L 00000 00000 00000 lejol
00000 Ll Ll 00000 Ll 00000 00000 00000 00000 00000 (pAwdd) €0S
00000 €000°0 €000°0 00000 €000°0 00000 00000 00000 00000 00000 4ok}
00000 98000 98000 00000 98000 €600°0 €600°0 00000 00000 00000 N
00000 66200 66200 00000 66200 €000°0 €000°0 00000 00000 00000 ¢00
00000 06600 06600 00000 06600 10100 10100 00000 00000 00000 OcH
00000 90010 90010 00000 90010 ¥.02°0 ¥.02°0 00000 00000 00000 cO
00000 9LLL0 9LLL0 00000 9LLL0 6¢..°0 6¢..°0 00000 00000 00000 ¢N
ol 6 8 JA 9 S 14 € 4 3 uonoe. 910N T-A

9|qeL weang JIYI 3I1d [eulwoN SMIN 001

}-G 9|qel

188

100 MWe DICE CRCC Pre-FEED Study
Performance Results Report

¢ Nexanr



98¢ 1L'€6¢ 9'96¢ - G'€a. 006 0°06 9’801 9'l6 Y'eve 4, ‘@dnjesedws |
L'vS 009 0'€9 - LAZA] §iee vie L9l 0Lyl g8yl elsd ‘ainssaid
0 0 0 0 0 0 0 0 0 0 Jy/ay ‘ysv

0 0 0 0 0 0 0 0 0 0 u/a ‘sreamol4 Aunis

0 0 0 0 0 0 0 0 0 0 1y/qp ‘eyeimold jesaiq

0 0 0 0 0 0 0 0 0 0 dy/qp ‘e1eimol4 [eo)d
[43%14" ceovl 0covl 0 Geovl 81GE 9€9¢€ GELVE €8¢ 74134 Jyjjowq ‘ejeImold T-A
9'€9¢ 9'€9¢ ¥'€9¢ 0 G'€9¢ 8'vGl 6'9G1 L'v.6 9/¢LL c68lLL Jy/qp ‘ejelmold T-A
0 0 0 0 0 0 0 0 0 0 y/qp ‘ejeimold Seo |enjeN
0000°L 0000°1 0000°1 0000°L 0000°1L 0000°1 0000°L 0000°L 0000°1 0000°L lejol
00000 00000 00000 00000 00000 00000 00000 00000 0 14 (pAwdd) €0S
00000 00000 00000 00000 00000 00000 00000 00000 00000 €000°0 ¢0Ss
00000 00000 00000 00000 00000 00000 00000 10100 26000 ¥800°0 N
00000 00000 00000 00000 00000 16660 04960 ¢Lio00 2010 17600 [40)0)
0000°L 0000°L 0000°} 0000°L 0000°L 00000 92¢e0°0 18G0°0 00S0°0 122l0 OcH
00000 00000 00000 00000 00000 00000 00000 ¥280°0 16200 68900 [4e]
00000 00000 00000 00000 00000 €000°0 20000 28€8°0 €€92°0 11020 ¢N
0¢ 6l 8l Ll 9l Sl 142 €l ¢l b uonoe. Sjo 1-A

9|qeL weang JIYI 3I1d [eulwoN SMIN 001
(panunuod) |- s|qe

189

100 MWe DICE CRCC Pre-FEED Study
Performance Results Report

¢ Nexanr



v ¥ 0TS0
oN “ONONIMVEQ N .h=°§2 s
oy qor
¥3dO0 NOISIA MO 4 09 VA Tl 0E

PbiTHg 0L

34344 3010 Z2T)
5] oy - — — - - . o v
& v - B : ©
X 610068 0 — - - v § - - e oty

- M ‘SIN3NOGHOD HOd A

HAO seg peay

> > . I wney |y | e |wwe | o | W
- saddug uea) oy 094 pajeal] g uopduosaq wesng|
_— [ [ [ b €l o Jaquny weass|

- 0
|- -

SO R— & -
: I
‘ e K
.

) =
&

54
||

4 Git0 g
g B e sy

ous
0
segen g
200 pscsy
dung ung wigpeoy  sabueyoxg dund OzH #4000 02H
umey usely g dung  sesuepuoy sesuepu) wyeps ey dung dung dng  Bigsens  eoopuuy weysbems  dung dung UEMHO  Jamog  UseMHO
oy oy iy MR MOGHAO RO MAQGHAO  owepey oddas  pleed RSN UMY CUNGOULY  GUMUES]  SUMVUBS]  GUMYUES] UMY UMY CONEN YN JGIOSY Jgosqy  seppsey  Jeosqy

weibeiq moj4 $s320.d jueld ainyded 209 paseg-ya
Z-G ainbiy4

190

100 MWe DICE CRCC Pre-FEED Study
Performance Results Report

¢ Nexanr



J _ N91S30-00¢}-04d-SA _ £00-225019 _ [%44 [¥3 [¥3 ersd ainssald
“oN uojsiay | “oN Bumelg [ oNaor ] h:Bﬁz F\\‘ 06 88 06 EN dway
NOILY¥3d0 S3AMJ 4 09 /NOISSF¥dINOD 20D B B Lee Q40SWW Mol doceA
webeig moj4 ss32014 [ v - Wdo Mold [enjoy
LX XS N9IS3A a334-id II-19 3010 s e s A
: ¥ . 100Us Elep Buns| Juawdinbe Jofew 8y} 1opUN U MOYS BJe SoZ1S UBISap - ; S 01
Welidinb3 Jeeys ejep Aleuwns saiin &y} ul pels a.e uojiesedo U 10} suondunsuod [euwioN (¢ e L8 99 ol =L
V9 ‘03s[0uBI4 UES N . 0 Foval Joval 8019 VAW
30/ 10} peinbaJ BJe SUFEI) [EINUBPI SUQ "UEI) | 10} 81 U MOUS SSJe 1Y (Z ¥ - -
U] JuexaN 00 98l 98l1 910'81 OZH
|eAoaddy payoayy Jsauibug [ETEN] ajeq "ON Ay o .Er U151 & oo 9'916¢ 1o 9'915¢ Loy 209
o Q334-31d 90¥D 19 3010 0202ILV I ] pue foeinooe PIUEXEN wﬁwgﬁp VAN palal 30wl 0 30Vl 23 20
BH] Isa@ 1emdasuo) 9049 19 3210 6L0Z/6/8 0 1| Ebmsoc mmmu 9SN0yY-UI s juBxaN Uo paseq sesodind :%zm; leAe Auiqisea)-aud 1oy papinoid 60 0 60 %74 IVRN
d —
S12PUC SUOIEIo00 NG 0} SUOIEUNS2 9S31001 19945 P 1o WA SO U MOUS UDNELIOW TY ) Toowa] Toowa] TowaT o reuodwoy |
SaloN Jnpoig Jonpoig
700 Sjesuapuo) 709 d1 SuwieN weang
Sl 14 4 ‘ON weans
uopoag ysep
PUAD RI0SqY
o} ajesuepuog
10859
INV1d
» 3UNLAYD
Joo K f ) G 2
asd sizz o 20859
406
e eisd 00e} 7N
INI3did 0L £06-0 . ..
19N00¥d 209 20e-d 106-9 :@ ww_ﬁmuw
asd 508l esd g6 v 306
: 4 5ee 406 eisd €12
406 : ' 1o » WN¥A QHAO
: LN ' U3ddINLS
| NOILVNOAHEQ ' ————— woi3709
! LOE-A | 406 eisd |/¢ esd /78 esd g1z
: ' 1o0g3
k £oea eisd gge LS 3 z0e3
Moy oN afing
Ajewson awW uopesauzboy
JBA WY
s0ega
(4ot oN fjewwoN) ap ooy "
1009
1000 14V 100014V WEYMO 33700914V
w1000 dinnd HOLVHVAISZ0D  HOSSTAWOD  HOSSHAWOD LN WNHQOM dWOD  HOSSUNOD  HOSSIUANOD  WNHOOMdNOD  HOSSRUANOD MJNOSSTHAINOD HOSSTHAWOD  WNXA OM dWOD dinnd
19N00¥d 20D 1ONAONAZ0D  TVOLLMOMNS 9IS QNE Z009ISGME  NOILVMOAHIA 20D 9ISQE oIS aNZ Z009ISGNZ 20D 9ISONZ 91S ISk oIS ISk Z0091SISL  Z0DOISISI  ILVSNEANOD
voes 0D w0e3 Bl DTN TEA TED 083 anoe 0D e vie3 VIEN TEd T0ED

weibeiq moj4 $$390.d Jue|d uoissaidwo? 209
¢-g ainbiy4

191

100 MWe DICE CRCC Pre-FEED Study
Performance Results Report

¢ Nexanr



5.3 DICE CRCC PLANT NET EFFICIENCY

Table 5-2 summarizes the overall performance based on the design of the nominal 100 MWe DICE
CRCC power plant. Overall fuel mix to the plant consists of 71.5 percent coal, 3.5 percent diesel
fuel and 25.0 percent natural gas, on an LHV basis. The net efficiency of the plant is 30.8 percent
on an LHV basis (29.1 percent HHV), not including the heating value associated with the rejects
as these do not participate in the combustion reactions. With the heating value of the rejects
included i.e. efficiency is calculated based on total heating value from the raw PRB coal, the
overall efficiency is 18.0 percent LHV (17.2 percent HHV).

Table 5-2
Power Summary and Net Efficiency

POWER GENERATION, kWe
5 x DICE 78,730
Turboexpander 31,787
Steam Turbine 14,676
Total Power Generation 125,192
AUXILIARY LOAD SUMMARY, kWe
MRC Fuel Prep 5,472
Main Air Compressor 26,301
SCR 88
Fabric Filter 69
Boiler Feed Water Pump 261
Economizer Recirculation Pump 5
Steam Turbine Auxiliaries 31
DCC Circulating Pump 400
CO2 Capture 2,549
CO2 Compression 7,838
Circulating Water Pumps 2,407
Makeup Water Pumps 70
Cooling Tower Fans 977
Wastewater Pumps 14
Miscellaneous Auxiliaries 135
Transformer Losses 626
Total Auxiliaries, kWe 47,242
Net Power, kWe 77,950
As-Received PRB Coal Feed, Ib/hr 148,818
Beneficiated Coal Slurry Fuel Feed, Ib/hr 91,934
Diesel Fuel Feed, Ib/hr 1,651
Natural Gas Feed Flow, Ib/hr 10,640
Coal LHV Thermal Input, MMBtu/hr 619
Diesel LHV Thermal Input, MMBtu/hr 30
Gas LHV Thermal Input, MMBtu/hr 216
Total LHV Thermal Input, MMBtu/hr 865
LHV Efficiency %, based on beneficiated coal feed 30.8%
%, based on as-received PRB coal feed 18.0%
& Nexanr 100 MWe DICE CRCC Pre-FEED Study 192
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Coal HHV Thermal Input, MMBtu/hr 643
Diesel HHV Thermal Input, MMBtu/hr 32
Gas HHV Thermal Input, MMBtu/hr 239
Total HHV Thermal Input, MMBtu/hr 914
HHV Efficiency %, based on beneficiated coal feed 29.1%
HHV Efficiency %, based on as-received PRB coal feed 17.2%

Plant part load performance (normalized) is summarized in Figure 5-4. The horizontal axis
indicates the part load net output expressed as a fraction of the full load (5 DICE, with PCC) net
output, and is based on an operational range of two DICE through the maximum of all five DICE.
The right-most point on the graph shows the net efficiency of the plant when the PCC is not in
service and steam is routed to a condensing turbine to generate additional power instead of the
PCC reboiler.

The coal beneficiation plant is expected to operate in batch mode and will run intermittently at full
capacity to fill up the beneficiated coal slurry buffer tank when its levels are low. The auxiliary
load consumed by the coal beneficiation plant is hence not included in the part load performance
plot.

Figure 5-4
DICE CRCC Part Load Performance

Part Load/No PCC Efficiency vs Plant Output
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54  OVERALL UTILITIES BALANCE

The overall utilities balance that summarizes the DICE CRCC plant’s various utilities consumption

and generation, including power, steam, water, water-cooled and air-cooled duties, are shown in
Table 5-3.

5.5  DICE CRCC WATER BALANCE

Water demand represents the total amount of water required for a particular process. Some water
is recovered within the process and is re-used as internal recycle. The difference between demand
and recycle is raw water withdrawal. Raw water withdrawal is defined as the water removed from
the ground or diverted from a POTW for use in the plant and was assumed to be provided 50
percent by a POTW and 50 percent from groundwater. Raw water withdrawal can be represented
by the water metered from a raw water source and used in the plant processes for all purposes,
such as DCC makeup, BFW makeup, and cooling tower makeup. The difference between water
withdrawal and process water discharge is defined as water consumption and can be represented
by the portion of the raw water withdrawn that is evaporated, transpired, incorporated into products
or otherwise not returned to the water source from which it was withdrawn. Water consumption
represents the net impact of the plant process on the water source balance.

Table 5-4 summarizes the water balance for the 100 MWe DICE CRCC power plant.

Raw water demand is minimized by reusing the condensate (125 gpm) from the flue gas DCC
column in the PCC plant as cooling tower makeup water. Additionally, cooling tower blowdown
water (228 gpm) is used for slurrying both the tailings and beneficiated coal to be fed to the DICE,
thereby minimizing the raw water needed for the overall operation of the plant.
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Table 5-4
100 MWe DICE CRCC Water Balance

Water Use Water Internal Raw Water Process Raw Water
Demand Recycle Withdrawal Water Consumption
Discharge

gpm gpm gpm gpm gpm
MRC Slurrying 228 228 0 -- --
Demin Water Makeup 31 - 31 - 31
Demin System Discharge - -- -- 7 -7
Steam Cycle Blowdown - - -- 5 -5
Deaerator Vent -- -- -- 18 -18
DCC Discharge Water - -125 -- -- --
MEA Absorber Discharge -1 -- 2 -2
MEA Storage Tank Makeup 1 1 0 -- 0
MEA Regenerator Ovhd Makeup 4 4 0 -- --
CO2 Compression KO Water -- -4 -- -- --
Cooling Tower Makeup 1,134 125 1,009 - 1,009
Cooling Tower Blowdown -- -228 -- 55 -55
Makeup Water Treatment Net 178 -- 178 -- 178
Demand
Potable Water Demand 2 -- 2 -- 2
Makeup Water Treatment -- -- -- 178 -178
Discharge
Discharge to Sewage -- -- -- 2 -2
Total 1,579 -- 1,220 268 952
O Nexanr 100 MWe DICE CRCC Pre-FEED Study 19
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5.6  PLANT EMISSIONS

Table 5-5 summarizes the various DICE CRCC plant emissions and control measures undertaken
to achieve these emissions. For this report, given the low chloride content (0.01 wt%) in the PRB
coal, HCI emissions are estimated to be 0.06 Ib/MWh-gross in a worst-case, unabated scenario.
However, in the DOE Bituminous Baseline report, SO2 emissions were utilized as a surrogate for
HCI emissions, and HCI was not reported. Similarly, assuming HCI control follows SO2 emissions
control technology per the Bituminous Baseline Report, the HCI emissions for the DICE CRCC
plant would be at trace level.

Mercury levels for PRB coal is estimated to be 0.056 ppm on a dry basis. It has been shown in
literature than conventional beneficiation methods using cyclones and froth flotation can remove
up to 62 percent of the mercury in the coal®. Assuming no other mercury control method in the
power plant, the mercury emissions as a result of using flotation in the coal beneficiation process
is 9 x 10° Ib/MWh-gross. However, in the presence of emissions control equipment such as the
TSS and SCR, whose vanadium-based catalyst promotes the oxidation of elemental mercury Hg
to water-soluble Hg?" in the flue gas, which can then be captured in the DCC, the mercury
emissions for the DICE CRCC is expected to meet the emissions limits of 3 x 10° Ib/MWh-gross.
If mercury emissions are shown to exceed, the limits, the industry-standard activated carbon
injection (ACI) can be utilized to further reduce these emissions. The DOE Bituminous Baseline
Report states that a combination of ACI with the above-mentioned control technology can reduce
mercury emissions by upwards of 97 percent of mercury, which will easily meet the 3 x 10°
Ib/MWh-gross target.

Table 5-5
Plant Emissions Summary
Pollutant | Env. Target | Est. Emissions Control Technology
Ib/MWh-gross
SOx 1.00 Trace DCC + MEA reaction with residual SOx in flue gas to
(0.000) effectively reduce to zero
NOx 0.7 0.7 SCR + MEA reaction with NOz to effective scrub out all

(estimated) NOz, reducing NOx content by 10% (assume 90:10
NO/NO:z ratio in flue gas) while all NO passes through.
While NOx emissions are hard to predict, it has been
found that DICE emits half the NOx as engines running
on diesel at the same load. Based on CSIRO’s
experience, DICE exhaust is likely to achieve 350 ppmv
NOx or lower, given the longer ignition delay, better
mixing of fuel and air, and progressive burn of MRC. At
< 350 ppmv NOx in the exhaust, the resulting NOx
emissions at the stack will meet the 0.07 Ib/MWh-gross
emissions limit

® Emissions Control Strategies for Power Plant, Bruce G. Miller, Clean Coal Engineering Technology pp 375-481,
2011
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PM 0.09 Trace DCC water wash in PCC plant further scrubs out
(0.000) residual PM in flue gas
Hg 3x10° 3x 108 TSS + SCR + DCC. If mercury is still an issue,
(estimated) activated carbon injection (ACI) can be utilized at a

location with appropriate temperature before the
cyclone.

HCI 0.010 0.000 Per Bituminous Baseline Report, SOz emissions are

(SOx surrogate) | used as a surrogate for HCI. Provided the SOz

emissions limit is not exceeded, it can be assumed per
the MATS regulation that the HCL emissions limit is also
satisfied as the caustic scrubber and MEA absorber
operations are able to remove the HCI.

CO2 90 percent 90 percent 30 wt% MEA

removal removal
(221 Ib/MWh-
net)

VOC N/A 1 ppm Water wash at the top of the PCC absorber is expected
to remove VOC in flue gas before venting to atmosphere
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5.7 POTENTIAL VARIANTS
9.7.1  No Post-Combustion Capture

Implementing post-combustion capture (PCC) to the DICE CRCC system imposes a significant
penalty on its efficiency, capital cost, and operating cost, thereby resulting in a high LCOE. A
parametric scenario without PCC was evaluated to quantify the performance and cost impact. For
this case, exhaust steam from the main steam turbine that would have been diverted to the PCC is
sent to a condensing turbine to produce more power, resulting in greater power generation from
the steam cycle. Additionally, auxiliary power consumed by the PCC is eliminated, resulting in a
35 percent increase in net power generation. The calculated efficiency of this case is 39.9 percent
on an LHV basis (37.7 percent HHV).

Table 5-6 presents a side-by-side comparison of the performance breakdown between the DICE
CRCC plant with and without PCC.
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Table 5-6
Performance Comparison for DICE CRCC with and without PCC

DICE CRCC with
T PCC DICE CRCC
(On-site coal No PCC
beneficiation)

POWER GENERATION

DICE 78,730 78,730
Turboexpander 31,787 31,900
Steam Turbine 14,676 31,299
Total Power Generation, kWe 125,192 141,929
AUXILIARY LOAD SUMMARY, kWe

Coal Beneficiation 5,472 5,472
Main Air Compressor 26,301 26,277
SCR 88 88
Fabric Filter 69 69
Boiler Feed Water Pump 261 302
Economizer Recirculation Pump 5 310
Steam Turbine Auxiliaries 31 31
DCC Circulating Pump 400 400
CO2 Capture 2,549 0
CO2 Compression 7,838 0
Circulating Water Pumps 2,407 2,117
Makeup Water Pumps 70 60
Cooling Tower Fans 977 859
Wastewater Pumps 15 11
Miscellaneous Auxiliaries 135 135
Transformer Losses 626 710
Total Auxiliaries, kWe 47,243 36,840
Net Power, kWe 77,949 105,089
As-Received PRB Coal Feed, Ib/hr 148818 150435
Coal Slurry Fuel Feed, Ib/hr 91934 92932
Diesel Fuel Feed, Ib/hr 1651 1669
Natural Gas Feed Flow, Ib/hr 10640 12000
Coal LHV Thermal Input, MMBtu/hr 619 625
Diesel LHV Thermal Input, MMBtu/hr 30 31
Gas LHV Thermal Input, MMBtu/hr 216 244
Total LHV Thermal Input, MMBtu/hr 865 899
LHV Efficiency, % 30.8% 39.9%
Coal HHV Thermal Input, MMBtu/hr 643 649
Diesel HHV Thermal Input, MMBtu/hr 32 33
Gas HHV Thermal Input, MMBtu/hr 239 270
Total HHV Thermal Input, MMBtu/hr 914 952
HHV Efficiency, % 29.1% 37.7%
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5.7.2 Centralized Coal Beneficiation Plant

For a small, modular power plant such as the DICE CRCC (< 100 MW for this introductory
variant), the performance and cost estimates presented in previous reports suggest that it makes
no economic sense to install a coal beneficiation plant on-site, analogous to building a crude oil
refinery on-site at every gas station. For the modular DICE CRCC plant to be feasible, there
must be multiples of such power plants, each receiving fuel from a centralized coal beneficiation
plant, thereby taking advantage of the economies-of-scale benefits that the large central
beneficiation plant possesses. The performance and impact of such a scenario is quantified in
Table 5-7.
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Table 5-7

Performance Comparison for DICE CRCC with On-site and Centralized Coal Beneficiation Plant

DICE CRCC with
PCC

DICE CRCC with
PCC

Description (On-site coal (Centralized coal
beneficiation) beneficiation)

POWER GENERATION
DICE 78,730 78,730
Turboexpander 31,787 31,787
Steam Turbine 14,676 14,676
Total Power Generation, kWe 125,192 125,192
AUXILIARY LOAD SUMMARY, kWe
Coal Beneficiation 5,472 0
Slurry Pumping incl w/ beneficiation 500
Main Air Compressor 26,301 26,301
SCR 88 88
Fabric Filter 69 69
Boiler Feed Water Pump 261 261
Economizer Recirculation Pump 5 5
Steam Turbine Auxiliaries 31 31
DCC Circulating Pump 400 400
CO2 Capture 2,549 2,549
CO2 Compression 7,838 7,838
Circulating Water Pumps 2,407 2,407
Makeup Water Pumps 70 70
Cooling Tower Fans 977 977
Wastewater Pumps 15 26
Miscellaneous Auxiliaries 135 135
Transformer Losses 626 626
Total Auxiliaries, kWe 47,243 42,282
Net Power, kWe 77,949 82,910
Coal Slurry Fuel Feed, Ib/hr 91934 91934
Diesel Fuel Feed, Ib/hr 1651 1651
Natural Gas Feed Flow, Ib/hr 10640 10640
Coal LHV Thermal Input, MMBtu/hr 619 619
Diesel LHV Thermal Input, MMBtu/hr 30 30
Gas LHV Thermal Input, MMBtu/hr 216 216
Total LHV Thermal Input, MMBtu/hr 865 865
LHV Efficiency, % 30.8% 32.7%
Coal HHV Thermal Input, MMBtu/hr 643 643
Diesel HHV Thermal Input, MMBtu/hr 32 32
Gas HHV Thermal Input, MMBtu/hr 239 239
Total HHV Thermal Input, MMBtu/hr 914 914
HHV Efficiency, % 29.1% 31.0%
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5.8 ENERGY STORAGE CAPABILITY

One unique feature of the DICE CRCC concept with separate air compressor and gas
turbine/expander trains is its amenability to compressed air energy storage (CAES) with no
redesign of plant configuration and/or any major piece of equipment. The only requirement for
DICE CRCC with CAES is the availability of a suitable air storage cavern, e.g., a saline aquifer or
depleted natural gas reservoir. DICE CRCC in CAES arrangement is shown in Figure 5-5.

Unlike the existing CAES technology (as demonstrated in Huntsdorf, Germany and Mclntosh,
Alabama), once constructed and commissioned, DICE CRCC can operate as a straightforward
coal-fired power plant or in CAES mode.

In CAES charging mode, the MAC is powered by cheap grid power and supplies air into the
storage cavern via a booster compressor (which is the only piece of additional major equipment —
the rest is additional piping to/from the cavern and requisite valves), say, at 10 bara.

In CAES generation mode, the MAC is shut down. Charge air to the DICE (at 5 bara) is supplied
from the storage cavern through a pressure regulation valve. The rest of the power plant is running

in its normal operation mode. In generation mode, even with the PCC on, the plant can deliver
115 MWe at more than 40% net LHV efficiency.

Figure 5-5
DICE CRCC in CAES Mode
Matural Gas
PM removal
= Combustor
Aftercooler e dl

Integrally-Geared
Intercooled Hot Gas
Turbo-Compressor SxDICE Expander Stack

1 {or Post-Combustion
Capture)

X Coal-Watdr Slurry N |
Air Bottoming Cycle
I [HRSG + ST)
i Wet FGD + Baghouse
D < 115 MWe — 42 .4% Net LHV

Natural Gas ;
In Generation Mode
With Capture!!

Storage Cavern
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It should also be pointed out that the inherent CAES capability of the turbocompound-reheat
technology is not limited to DICE (i.e., firing coal fuel). For a standard RICE CRCC with natural
gas-fired engines, the same can be accomplished with excellent efficiency (68% net LHV in
generation mode) at outputs as low as below 50 MWe (with small, off-the-shelf RICE rated at 5
MWe each). This is described in detail in the Final Report of the DOE/NETL Technical Grant
(DE-FE0031618), “Turbocompound Reheat Gas Turbine Combined Cycle”
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Section 6 Major Equipment List and Preliminary Plot Plan

Equipment lists for each of the five areas that comprise the overall 100 MWe DICE CRCC plant
are provided in this section. These five areas are:

e Coal beneficiation

e DICE CRCC

e COz2 capture (30 wt%)
e CO:2 compression

e Electrical plant
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6.1 COAL BENEFICIATION PLANT

The equipment list for the coal beneficiation plant is provided in Table 6-1.

Table 6-1
Coal Beneficiation Plant Equipment List
Site System Code Description Rating Comments
Quantity
COAL BENEFICIATION EQUIPMENT LIST
RAW COAL HANDLING
1 FE-201 Feedstock Coal Receival Dump Hopper 55 W
Feeder
1 CV-101 Hammer Mill Feed Conveyor 11 kW Design Cape;/c;ty/&ze: 110
1 CR-301 Hammer Mill 300kw | Desien Capag(l)t,;‘y/ Size: 42" x
1 CV-201 Surge Bin Feed Conveyor 11 kW Design Capz:/c;ty/&ze: 110
1 WT-201 Plant Feed Weigher
1 BN-301 Surge Bin Design Capacity/Size: 100 t
1 FE-202 Surge Bin Discharge Feeder 7.5 kW
PROCESS PLANT
1 CV-301 Ball Mill Feed Conveyor 75kW | Desien Capat‘/cﬁty/ Size: 110
1 CR-302 Ball Mill 1300 kW Design Capacity/Size: 3.7m
X 6.75m
1 PP-301 Ball Mill Cyclones Feed Pump 55 kW
2 CY-301 Ball Mill Cyclones Cluster
1 PP-401 Grinding Cyclones Feed Pump 55 kW
2 CY-401 Grinding Cyclones Cluster
1 PP-403 Grinding Mill Feed Pump 75 kW
1 GM-401 Grinding Mill 3500 kw | Desien Cap;fl“y/ Size: 63
3 PP-501 Rougher Cell Feed Pump 75 kW
3 FC-501 Rougher Flotation Cell
3 PP-521 Cleaner Cell Feed Pump 45 kW
3 FC-521 Cleaner Flotation Cell
1 TH-601 Product Thickener 7skw | Desien CapacitySize: 20m
1 PP-601 Product Thickener Underflow Pump 11 kW
1 SM-601 Product Solid Bowl Feed Sump
2 PP-602 Product Solid Bowl Feed Pump 11 kW
2 CF-601 Product Solid Bowl 300kw | Desien Capf/‘fl‘ty/ Size: 28
2 CF-601 Main Drive 200 kW
2 CF-601 Back Drive 100 kW
1 PP-605 Solid Bowl Effluent Pump 5.5 kW
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Design Capacity/Size: 52

1 CV-601 Product Transfer Conveyor 7.5 kW th
1 WT-601 Product Weigher
1 SA-601 Product Cross Belt Sampler 5.5kW
1 AN-601 Moisture Meter 1.0 kW
1 TK-610 Product Slurry Agitation Tank Design Cap;c;ty/&ze: 35
2 TK-620 Product Storage Tank Demgn&)%%azgy/&ze:
1 AG-610 Product Slurry Agitator 15 kW
1 PP-610 Product Slurry Transfer Pump 7.5 kW
2 AG-620 Product Slurry Agitator 185 kW
2 PP-620 Product Distribution Pump 5.5 kW
1 TH-701 Tailings Thickener 7.5 kW Design Capacglty/Slze: 20m
1 PP-701 Tailings Thickener Underflow Pump 7.5 kW
1 PP-901 Process Water Pump 175 kW
1 PP-510 Plant Water Pump 45 kW
1 FT-950 Gland Water Filter 0.37 kW
1 PP-950 Gland Water Pump 22 kW
2 PP-960 Thickener Area Sump Pump 15 kW
1 CN-501 Overhead Crane 43 kW Design Capacity/Size: 20 t
COAL PROCESSING PLANT SERVICES
1 FL-901 Anionic Flocculant Dosing System 5.55 kW
1 FL-901a Polymer Bulk Storage Tank
1 FL-901b Blower 3.0 kW
1 FL-901c Screw Feeder 0.37 kW
1 FL-901d Agitator 1.50 kW
1 FL-901e Dust Filter Unit 0.37 kW
1 FL-901f Mixing Tank
1 FL-901g Dilute Flocculant Storage Tank
1 FL-901h Heated Hopper 0.06 kW
1 FL-901i Hopper Vibrator 0.25 kW
2 DP-901 Collector Dosing Pump 0.55 kW
4 DP-910 Frother Dosing Pump 0.37 kW
2 DP-930 Dispersant Dosing Pump 0.55 kW
1 AD-950 Instrument Air Dryer 1.53 kW
1 AR-901 Air Receiver
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6.2

DICE CRCC MECHANICAL EQUIPMENT

The mechanical equipment list for the main DICE CRCC plant is shown in Table 6-2.

Table 6-2
DICE CRCC Mechanical Equipment List
Site System Description Type Material | Rating Capacity Comments
Quantity | Code (%)
DICE MECHANICAL EQUIPMENT LIST
Heat Recovery Steam Slng}e-Pressure, No—Rehe?at, 1X 100% 276,800 Ibs/hr
1 AAA Generator (HRSG) Horizontal Gas Flow. With Per Unit steam @ 668.7
CO Catalyst psia & 753.5F
Oxidizing Catalyst for 90% .
. 1 X 100% Provided by
1 AAA CO Catalyst CO Reduction Per HRSG HRSG Supplier
HRSG Duct Burner 1 X 100% Provided by
! AAA Skid 263 MMBtu/hr Per HRSG | HRSG Supplier
Selective Catalytic
Reduction (SCR) 19 % Aqueous Ammonia 1X100% | Provided by
1 AAA System For HRSG .
Flue Gas NOx System Per HRSG HRSG Supplier
Reduction
1 AB Steam Turbine 1 X 100% 1
Bypass Valve Per Unit
Main Steam Relief 1 Lot Per
I Lot AB Valve Silencers €S HRSG I Lot
. Steam Turbine With Separate o
! AC S enemtor HP And LP Casings TMW | Une | Siomens Bid
Connected With SSS Clutch
oo 1 X 100% Supplied by
! AC | ST Lube Oil Skid PerUnit | STG Vendor
o 1 X 100% Supplied by
1 AC ST Control Oil Skid Per Unit STG Vendor
Steam Surface _ ] 1 X 100%
1 AD Condenser Thermal Duty = 64 MW; Per Unit
Condensate 1 X 100%
1 AD Deaerator 2800 Gallon Storage Volume CS Per Unit
Centrifugal, Vertical, CAN
) AD Condensate Type, Constant Speed, Motor 15 HP 2X50% Per
Extraction Pump Driven ; 300 GPM @ 130 ft. Unit
TDH
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Boiler Feedwater
Pump

Horizontal Ring-Section
Pump, 3600 RPM
600 GPM @ 3000 ft. TDH

655 HP

1 X 100%
Per Unit

Based on
Hot Gas Expander 1 X 100% Dresser-Rand
! AG (HGE) 32 MW Per Unit Generator Gear
E148 Train
o 1 X 100% Supplied by
1 AG HE Lube Oil Skid Per HGE HGE Vendor
1 AG HE Cooling & 1 X 100% Supplied by
Sealini Steam Skid Per HGE HGE Vendor
| Al Ammonia Dosing Diaphragm Metering Pumps 316/ 1 X 100%
Skid And Tank PTFE Per HRSG
1 AJ Oxygen Dosing Panel 1 X 100%
For HRSG Per HRSG

Direct Injection Wartsila Model 5 X 20% Per Tier 3 Machines

5 ANB Carbon Engine 18V46 Modified For Coal 15.8 MW Site W/ Coal Slurry

(DICE) Slurry Fuel
5 ANB DICE Auxiliary 1 X 100% Supplied by

Module Per DICE DICE Vendor

GV(200-3) Compressor
Package; Incl. Motor, Air Inlet Based on
1 ANA Process Compressor | Filter, Aux. Support & Control 37,000 11X 100% Dresser-Rand
HP Per Unit
Systems Quote

R Capacity based
0,
1 AR Vacuum Skid 2 S teg m J.et Air Ejectors or 2 2X 100.A) on Holding
Liquid Ring Vacuum Pumps Per Unit Du
5 BA Third Stage Separator 1 X 100% Based on UOP
(TSS) Per DICE Quote
1 BA Direct Contact 304L SS Column Internals; 1 X 100% Bas(;:ﬁecl);lltscuﬁzer
Cooler (DCC) Sulzer MellapakPlus Packing Per Unit

Quote

HRSG Blowdown 1 X 100%
! BM Tank €S Per HRSG
Blowdown Heat CS/SS 1 X 100%
! BM Exchanger Shell & Tube Type Tubes Per HRSG
Blowdown Tank 1 X 100%
! BM Vent Silencer s Per HRSG
19% Aqueous o Unloading Via
1 BS Ammonia Storage CS lP):r 1821{0 Truck
Tank Unloading
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Pump (Self
Contained).

BS Ammonia

Positive Displacement

316 SS

2 X 100%

Forwardini Pumis Per Unit

FG Fuel Gas Knockout 1 X 100%
Drum Per CT

) 1 X 100%

FG Fuel Gas Drain Tank Per CT

Boiler Feedwater

HA Pump Maintenance

Manual Hoist

1 X 100%

PF Electric Fire Pump

Gland Steam

SL Condenser

Admin/Control

VB Building HVAC

Horizontal Centrifugal, 2000
GPM @ 300 ft TDH

Air Handling Unit With
Heating And Cooling Coils

316 SS
Internals

250 HP

1 X 100%
Per Site

1 X 100%
Per Unit

1 X 100%
Per Unit

Hoist
. 1 X 100% Provided by Fly
HF Fly Ash Silo Per Site Ash Vendor
2 X 50% Per | Provided by Fly
HF Fly Ash Blowers Unit Ash Vendor
. 1 X 100% Provided by Fly
HF Air Lock Feeders Per TSS Ash Vendor
Provides
1 X 100% Compressed Air
PA Plant Air Compressor Oil Free Screw 150 HP ° to instrument
Per Unit . .
and Service Air
Systems
Dual Tower Heatless
Desiccant Type With Dew
PA Compressed Air Point Of -40 Deg. F Or Lower 2 X 100%
Dryer With Pre-Filter, After-Filter, Per Unit
And Bypass Filter
Provides
: Compressed Air
0
PA Comp res.sed Alr CS 150 PSIG 1X 100.4 To Instrument
Receiver Per Unit . .
And Service Air

Systems

Packaged Fire
Pump System

Provided by
Steam Turbine
Vendor
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WBA Cl\(;;z?ercﬁzg?g Plate And Frame Type, 316 SS 1 X 100%
Thermal Duty = 24 MW Per Unit
Exchanger
CI
WBA Closed Cooling Horizontal Centrifugal Type; Casing 300 HP 2 X 50% Per
Water Pumps 31,000 GPM @ 65 ft TDH and Unit
Impeller
Closed Cooling o
WBA Water Expansion Vertical; Atmospheric; CS 1 X 100.A)
Per Unit
Tank
Closed Cooling o
WBA | Water Chemical Feed 1 X 100./0
Per Unit
System
DICE Jacket Cooling 1 X 100%
WBB Water Storage Tank TBD Per Unit
CI
DICE Jacket Cooling . . Casing 2X 50% Per
WBB Water Pumps Horizontal, Centrifugal Type and TBD Unit
Impeller
. CS W/
Demin Water Storage . 50,000 1 X 100%
WD Tank Field Erected Bolted Tank quxy Gal Per Site
Lining
SS
. . o
WD Demin Transfer Horizontal, Centrifugal Pumps Casing 2 HP 2X10(.) /o Per
Pumps and Site
Impeller
CI
1 0,
XW HGE Area Sump Vertical Line Shaft Casing 2 X 100% Duplex
Pumps and Per Sump
Impeller
CI
1 0,
XW STG Area Sump Vertical Line Shaft Casing 2 X 100% Duplex
Pumps and Per Sump
Impeller
CI
. . 0
XW Demin Area Sump Vertical Line Shaft Casing 2 X 100% Duplex
Pumps and Per Sump
Impeller
Package by Oil
Water Separator
Vendor. One
Oil/Water
. Horizontal Centrifugal Pumps Separator With
Oll/Wat'er Separatoor Coalescing Type Media 1 X 100% One Positive
XW (Including 2x100% S . e
Effluent Pumps) eparator Per Unit Disp ac.ement
Waste Oil Pump
and 2x100%
Effluent
Forwarding
Pumps.
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CI

XW HRSG Blowdown Vertical Line Shaft Casing 2 X 100% Duplex
Sump Pumps and Per Sump
Impeller

1) The mechanical equipment list provides preliminary data, scope and quantities that may be
subject to change during final engineering design
2) Assumptions: STG is not hydrogen cooled; backend recirculation pumps not required for
HRSG
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6.3

30 WT% MEA CO2 CAPTURE PLANT

The equipment list for the COz capture plant utilizing 30 wt% MEA is provided in Table 6-3

Table 6-3
30 wt% MEA CO2 Capture Plant Equipment List
Site System Description Type Material Rating | Capacity Comments
Quantity | Code (%)
POST-COMBUSTION CAPTURE (30 WT %) EQUIPMENT LIST
VESSELS & TANKS
Includes overhead
. wash section (Pall
. Kill CS + 1 Lot Per Ring) and
1 C-101 Flue Gas Absorber Vertical 304Clad . ) .
To Unit absorption section
P (Structured
packing)
Includes overhead
Kill CS + | Lot Per wash section and
1 C-102 Amine Stripper Vertical 304Clad Unit stripping section
Top with random
packing (Pall Ring)
1 C-103 Stripper OVHD Receiver Vertical 304Clad ! I{j);il:er
. 1 Lot Per
1 C-106 Condensate Flash Drum Horizontal | Carbon Steel Unit
. 2 Lot Per
1 C-108 Carbon Drum(Part of V-102) Vertical Carbon Steel Unit
1 Lot Per
| D-101 MEA Storage Tank Cone Roof | Carbon Steel Unit
SHELL & TUBE EXCHANGERS AND AIR COOLERS
. Plate & 2 X50% Duty: 274
2 E-101 Rich/Lean Exchanger Frame 304SS Per Unit MMBTU/hr
. Plate & 1 X100% Duty: 168
| E-102 Lean Amine Cooler Frame 304SS Per Unit MMBTU/hr
. Weld Plate 1 X100% Duty: 64
1 E-103 Stripper Condenser & Frame 304SS Per Unit MMBTU/hr
. . Shell 304SS/ 4 X25% Duty: 242
4 E-104 Stripper Reboiler Kettle Tube 304SS Per Unit MMBTU/hr
Duty: 16
0,
1 E-105 Wash Water Cooler Plate & 304SS 1X100% 1 N iMBTU/Mr
Frame Per Unit
Shell Kill
. 1 X100% Duty: 12
1 E-106 Reclaimer Kettle C3S(/) Iélé)e Per Unit MMBTU/hr
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COMPRESSORS, BLOWERS & DRIVERS

Centrifugal o
1 K-101 Flue Gas Blower w/ VFD 304 SS 2,073 1 X100 A)
Motor BHP Per Unit
PUMPS & DRIVERS
Impeller: o
2 G-101 Rich Amine Pump Centrifugal 12 Cr 616 2 X100 A)
Casing: CS BHP Per Unit
Impeller: o
2 G-102 Lean Amine Pump Centrifugal 12 Cr >00 2 X100 A)
Casing: CS BHP Per Unit
Impeller: 0
2 G-103 Wash Water Pump Centrifugal | 12 Cr 124 ] 2X100%
Casing: CS BHP Per Unit
Impeller: o
2 G-104 Stripper Reflux Pump Centrifugal 12 Cr 11 BHP 2 X100 A)
Casing: CS Per Unit
Impeller: 0
1 G-106 Makeup Amine Pump Centrifugal | 12Cr | 28BHp | | X100%
Casing: CS Per Unit
Impeller: o
1 G-107 Amine Sump Pump Centrifugal 12 Cr 9 BHP ! XIOO.A)
Casing: CS Per Unit
. Impeller: CI 1 X100%
| G-108 Soda Ash Pump(Part V-103) Centrifugal Casing: CS 1 BHP Per Unit
. Impeller: CS 2 X100%
2 G-109 Condensate Return Pump Centrifugal Casing: CS 90 BHP Per Unit
PACKAGED & MISC EQUIPMENT
)
4 V-102 Carbon + Pre&Post Filters Package Kill CS 4 X25 A)
Per Unit
1 X100%
1 V-101 Soda Ash Feed System Pkg Package CS Per Unit
0
1 L-101 Flue Gas Fd & Exhaust Ducts Duct CS 1 XIOO.A)
Per Unit
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6.4  CO2COMPRESSION PLANT

The equipment list for the CO2 compression plant is shown in Table 6-4

CO2 Compression Plant Equipment List

Table 6-4

Site System
Quantity

Code

Description

Type

Material

Rating

Capacity
(")

Comments

1 C-301 Ist StageK((j)orS?lrne;sor Feed Vertical 304SS 1 I{})Itli}:er
1 C-302 2nd Stag% %oggrerfsor Feed Vertical 304SS 1 L{?;ilt)er
1 C-303 Dryer Feed KO Drum Vertical 304SS ! %’;ilt’ef
1 C-304 Supegecrl;:ri;:irCOZ Horizontal 304SS ! Ii?;il‘[’er

Unit

1 E-301 fst St comp CW Shell & Tube | 304SS PRI Per | Pl
1 E-302 2nd Sig Comp EW | Shell & Tube | 30485 EXI00% Per | PueI0
e | ooy e gt | [
1 E-305 Recycle Cooler Shell & Tube |  304SS 1 X100% Per MﬁI}lBt}TI:[Z/m

Centrifugal 10,053 | 1X100% Per
1 K-301 CO2 Compressor w/ VED CS BHP Unit
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V-301

CO2 Dryer

Package CS

. Impeller: CS 2 X100% Per

G-301 Condensate Pump Centrifugal Casing: CS 0.1 BHP Unit
. Centrifugal | Impeller: CS 409 1 X100% Per

G-302 Super-Critical CO2 Pump w/ VFD Casing: CS MLP Unit

1 X100% Per
Unit
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6.5

ELECTRICAL EQUIPMENT LIST
The equipment list for DICE CRCC electrical plant is shown in Table 6-5

Table 6-5
DICE CRCC Electrical Equipment List
Site Description Type Comments
Quantity
o 115kV, 50kA, 1200A, HVCB with
6 ! 15};;2(?01;22 glr;ﬁ;rkand High Voltage Circuit Breaker Disconnect Switch and Grounding Switch.
Dead Tank SF6 Circuit Breaker
115kV System, 84kV 70kV MCOV Surge Arrestors .
6 MCOV Surge Arrestors for 115kV System Switchyard Surge Arrestors
Potential Transformers or Potential Transformer for Synchronizin
21 115kV PT or CCVT Coupling Capacitor Voltage Y &
and Voltage Measurement
Transformer
9 115KV CT Current Transformer, Extended Protection and Metering Current
Range Transformers
115KV Motorized Disconnect and Groundin,
1 Disconnect and Grounding . & 115kV, 50kA, 1200A, 3 pole
. Switch
Switch
. Electrical Building for Protective Relaying,
1 Switchyard Control Switchyard Electrical Building SCADA and Switchyard Control
Building .
Equipment
30/40MVA, 13.8-115kV, ONAN/ONAF,
3 Step-Up Transformer 13.8kV to 115kV Transformer 65 DEG C, Z=8% at 30MVA, HV DETC
(STG, Gas Exp, DICE-2)
42/56MVA, 13.8-115kV, ONAN/ONAF,
1 Station Service Transformer 115kV to 13.8kV Transformer 65 DEG C, Z=8% at 42MVA, HV On-
Load Tap Changer (Station Service)
45/60MVA, 13.8-115kV, ONAN/ONAF,
1 Step-Up Transformer 13.8kV to 115kV Transformer 65 DEG C, Z=8% at45SMVA, HV DETC
(DICE-1)
2.0MW Emergency Diesel Generator,
1 Emergency Diesel 13.8kV, 2MW, Tier 2 13.8kV, Tier 2, with ou‘ngor, sound
Generator attenuated enclosure and minimum 12 hour
belly tank
1 Boiler Feed Pump VED 13.8kV Varla‘ple Frequency 13.8kV Variable Frequency Drive for 655
Drive HP motor
. 13.8kV Variable Frequency 13.8kV Variable Frequency Drive (MV/LV)
2 Cooling Pump VFD Drive for 300 HP motor
. 13.8kV Variable Frequency Drive for
1 Gas Compressor VFD 13.8kV Vagi)\llz Frequency 37,000 HP synchronous motor. Starting
VFD with Bypass Switch.
1 Zig-Zag Grounding 13.8kV Grounding Transformer 13.8kV, 250kV A, Zig-Zag Grounding
Transformer with Resistor for Delta System Transformer with Resistor
e Control Building 750kVA transformer,
1 Distribution Transformer 13.8kV - 480V Transformer ONAN, Delta-Wye, HV DETC, 5.75% Z
Common Load Center 2000kVA
2 Distribution Transformer 13.8kV - 480V Transformer transformer, ONAN, Delta-Wye, HV
DETC, 5.75% Z
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e MV EEM MCC 2500kVA transformer,
1 Distribution Transformer 13.8kV - 480V Transformer ONAN, Delta-Wye, HV DETC, 5.75% Z
. . Arc Resistant Metal Clad Switchgear, Type
1 DICE MV Switchgear-1 13.8kV Switchgear 2B, 13.8kV. 3000A, 63kA, 3PH, 3W. 60HZ
. . Arc Resistant Metal Clad Switchgear, Type
1 DICE MV Switchgear-2 13.8kV Switchgear 2B, 13.8kV. 2000A., 63kA, 3PH, 3W. 60HZ
. . . Arc Resistant Metal Clad Switchgear, Type
1 Station MV Switchgear-3 13.8kV Switchgear 2B, 13.8kV. 3000A. SOKA, 3PH, 3W, 60HZ
480V Load Center, 480V, 3000A, 50kA,
1 C"mmon:gg@d Center, 480V ngadi f:;ltter Arc 3PH, 3W, 60HZ with two 2500A ACB
es1s incomer & 2000A ACB tie breaker
480V MCC, 480V, 1600A, 65kA, 3PH,
1 Common MCC-1, 480V 480V Motor Control Center 3W, 60HZ, 1600A incomer (10 stacks)
480V MCC, 480V, 800A, 65kA, 3PH, 3W,
1 Common MCC-2, 4380V 480V Motor Control Center 60HZ. 800A incomer (6 stacks)
480V MCC, 480V, 3000A, 40kA, 3PH,
1 MV EEM MCQC, 480V 480V Motor Control Center 3W, 60HZ, 3000A ACB incomer (8 stacks)
2 Isophase B;SSI?I}gt’ Gas Exp 13.8kV Isophase Bus Duct Isophase Bus Duct, 13.8kV, 2000A
1 Non-Seg Bus Duct (DICE Non-Seg Bus Duct Non Seg Bus Duct, 13.8kV, 3000A, 63kA
Swgr-1 Incomer)
1 Non-Seg Bus Duct (DICE Non-Seg Bus Duct Non Seg Bus Duct, 13.8kV, 2000A, 63kA
Swgr-2 Incomer)
Interior and task lighting shall be
120/208VAC, roadway and floodlighting
Lighting fixtures, panelboards, shall be 480/277VAC. Emergency and
Lot Lichtine Svstem photocells, transformers, egress lighting shall be self-contained
ghtng Sy controllers, switches, cabling battery packs. Lighting is provided at site
and raceway access points and for all operating areas to
support planned maintenance. Perimeter
fence lighting is not provided.
System includes Fire protection Each electrical building is provided with
Lot Fire Detection Svstem panels, smoke and fire detectors, | fire alarm panel, smoke and fire detectors,
y horns, strobes, cabling and horns, strobes, auditory and visual alarms,
raceway and all required wiring and raceway.
System includes CCTV, Site perimeter and access points monitored
. . recording & monitoring servers, | by CCTV, video monitoring and recording,
Plant Security & Intrusion . . .
Lot Detection Svstem access points (card readers) for card readers for personnel doors in all site
Y site buildings, gate intercom and buildings, gate access controls, gate card
controls, cabling and raceway. reader, and gate intercom are provided.
Freeze protection system for all exposed
piping and equipment subject to damage
from ambient temperatures below freezing.
System includes Heat trace Heat trace is 120V, installed directly on
Freeze Protection & Process panelboards, transformers, pipe and equipment, under insulation, and is
Lot . thermostats, controllers, power | controlled by local controllers (mounted on
Heating System . . .
connection boxes, heat trace pipe) or from freeze protection panels.
cabling, cabling and raceway. Heating and heat tracing required for
process fluid temperature regulation and
sensitive chemicals will be provided as
required.
O Nexanr 100 MWe DICE CRCC Pre-FEED Study

Performance Results Report

218




System includes facility
communications and local area
network (LAN) including
installation of primary phone
lines to interface point at plant
perimeter, cabling, raceway and
outlets for voice and data in all
site buildings.

Communications system will provide
connectivity for voice and data in all site
buildings, including switchyard. Cabling,

raceway, data and voice ports are provided,
hardware (including telephones) to be
supplied by owner.

Batteries, chargers, regulating
voltage & bypass transformers,
static transfer switch, manual
bypass switch, DC switchboard,
inverters, and UPS panelboards,
cabling and raceway.

DC system will supply DC power to critical
loads, including UPS system, STG and Gas
Exp turning gear, and emergency lube oil
pumps. Chargers are 125VDC, 550A and
batteries are UPS system will supply
120VAC single phase power to critical AC
loads (including CEMS, DCS, fire
protection, communications, security, etc.)

Welding receptacles, disconnect
switches, convenience
receptacles.

Convenience receptacles (120V, GFCI,
weatherproof) provided so that outdoor
plant equipment areas are accessible with
100 foot cord. Building interiors provided
with receptacles per NEC or as required to
support planned maintenance activities.
Welding receptacles (480V, 3PH, 3W) are
located in all areas where welding is
expected to occur.

Site and switchyard ground
grids, including buried bare
copper conductors, ground rods,
connectors, test wells, and taps
to equipment and structure.

Buried stranded copper conductors, ground
rods, equipment and structure bonding.
Grounding system is designed to NEC,
IEEE 142, and IEEE 80 requirements.

Building, stack, and switchyard
lightning protection systems. Air
terminals, main conductors,
down conductors, connectors,
buried conductors and rods.

Building lightning protection systems
designed to NFPA 780, but will not be UL
Master Labelled. Switchyard lightning
protection system designed to IEEE 998.

Protection system for buried,
coated, carbon steel, cast iron
and ductile iron piping.
Materials include sacrificial
anodes, insulating flanges, over-
voltage protectors, test stations,
reference electrodes, cable, and
cable connectors.

Cathodic protection system is designed to
NACE standards.

Power, Control and
Instrumentation Cables

UL listed cables

Plant Communications
Lot
System
Lot DC & UPS System
Welding and Convenience
Lot
Receptacles

Lot Grounding System
Lot Lightning Protection System
Lot Cathodic Protection System
Lot MV, LV, Control and

Instrumentation Cables
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6.6 PLANT EQUIPMENT DEVELOPMENT STATUS
6.6.1 Coal Beneficiation Plant

According to Sedgman, each plant unit operation of the flowsheet is currently commercially
available and has been demonstrated previously in the mineral processing industry. However, in
some cases, the application to coal, or finely ground coal, is novel, and needs to be validated with
test work.

6.6.1.1  Flotation Cells

Sedgman C-Cell, an induced air-style flotation cell, was selected as its deep froths with washing
is likely to achieve the desired low-ash content in the beneficiated product. Other flotation
technologies, such as mechanically agitated flotation cells and column flotation cells may also be
suitable for this application. Further test work is required to determine the benefits, if any, of these
alternative technologies.

6.6.1.2  Fine Grinding Mill

The FLSmidth VXPMill selected for the concept flowsheet was based on low capital cost, with
the tradeoff being that it is a vertical, high intensity grinding mill. Alternate suitable technologies
are available from Outotec (HIG Mill) and Glencore Technology (IsaMill). Samples of the coal
feed should be provided to these three suppliers to identify which technology provides the most
economical solution.

6.6.2 Power Block Equipment

6.6.2.1  Main Air Compressor

Commercially available, procured per material requisition (MR). Siemens Turbocompressor is the
potential vendor. Intercooler and aftercooler (shell-tube heat exchangers) are typically in the
compressor OEM’s scope.

6.6.2.2 DICE

Stock engine is commercially available, procured per MR. (Turbocharger kit is removed to fit into
the turbocompound configuration)

Fuel injection system design and development requires R&D as described in Section 3.1.

6.6.2.3  Third Stage Separator

Commercially available, procured per MR. Honeywell UOP is the potential vendor.

6.6.2.4  Hot Gas Expander

Commercially available, procured per MR. Baker Hughes (or Siemens) is the potential vendor.

6.6.2.5 HRSG (Including Duct Burner and SCR/CO Catalyst)

Commercially available, procured per MR. Nooter-Eriksen is the potential vendor.
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6.6.2.6  Steam Turbine Generator (Including SSS Clutch)

Commercially available, procured per MR. Siemens Dresser-Rand is the potential vendor. The
clutch is manufactured by SSS.

6.6.2.7 STG Heat Rejection System

Commercially available, procured per MR (air- or water-cooled condenser and cooling tower).
Many potential vendors.

6.6.2.8 Balance of Plant (BOP) Pumps

Commercially available, each procured per MR.

6.6.2.9 Balance of Plant (BOP) Heat Exchangers

Commercially available, each procured per MR. They can be shell-and-tube or plate-frame type.
This includes the MRC slurry preheater.

6.6.2.10 Direct Contact Cooler

Commercially available, procured per MR

6.6.3 Capture Block Equipment

6.6.3.1 Flue Gas Blower

Commercially available, procured per MR. Most blower vendors (Howden, Buffalo Blower, New
York Blower, Clarage) should be able to provide this piece of equipment.

6.6.3.2  Absorber/Stripper Columns

Commercially available, procured per MR. Packing for these columns are also commercially
available with Sulzer as the potential vendor.

6.6.3.3 CO2 Compressors

Commercially available, procured per MR. Potential vendors are Dresser-Rand, GE, and MAN
among others.

6.6.3.4 Pumps

Commercially available, each procured by MR.

6.6.3.5 Heat Exchangers

Commercially available, each procured per MR. With the exception of the kettle-type reboiler,
heat exchangers will be of plate-and-frame type.
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6.7 PRELIMINARY DICE CRCC PLOT PLAN

Figure 6-1 shows the overall plot plan for the coal beneficiation facility, DICE power plant, and
carbon capture plant. Also included are a coal yard and cooling tower that will serve as the heat
sink for the entire facility.

The complete facility will require approximately 30 to 35 acres of land to accommodate the three
parts of the facility as well as administrative and maintenance buildings. The final arrangement
for a specific site may change from that shown depending on local conditions.
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Section 7 DICE CRCC Operability

7.1 OPERATION PHILOSOPHY

From a high-level thermodynamic perspective, DICE CRCC is not different from a conventional
combined cycle power plant comprising

- a “topping cycle” with one or more “internal combustion” engines and
- a “bottoming cycle” with one “external combustion” engine.

In a conventional gas turbine combined cycle power plant, the topping cycle comprises one or
more gas turbines operating in Brayton cycle.

In a conventional reciprocating internal combustion engine (RICE) combined cycle power plant,
the topping cycle comprises multiple engines operating in Atkinson cycle.

In either type of combined cycle, the bottoming cycle is a Rankine steam cycle comprising a waste
heat recovery boiler (commonly referred to as “heat recovery steam generator” or HRSG) and
steam turbine generator.

7.1.1  RICE-Combined Cycle Configuration

Strictly speaking, RICE is not suitable to combined cycle configuration due to its low exhaust
energy, flow as well as temperature, which precludes efficient steam generator and turbine design.
This difficulty is commonly avoided by using a large number of engines so that the total exhaust
energy is commensurate with reasonably efficient bottoming (Rankine) steam cycle design. The
number can be as high as 10, 20 or even more than 30 as demonstrated by recent projects in the
Middle East and Pakistan.

Modern RICE CC power plants almost always utilize modern spark-ignition, medium speed (i.e.,
about 500 RPM) and large bore engines firing natural gas. Typical rating of these engines is
nominally 20 MW with very high thermal efficiency, i.e., 45% or higher. The thermodynamic
cycle of these engines can be approximated (for conceptual studies and analysis) by the Atkinson
cycle.

High RICE efficiency, pushing towards 50% benchmark in simple cycle, is a direct result of the
cycle heat addition process in the cylinder, i.e., constant volume or “explosive” combustion, which
simultaneously increases cycle peak temperature and pressure. This limits the parasitic power
consumed during the power stroke resulting in high net power output for a given cycle peak
temperature.

Furthermore, all modern RICE engines are turbocharged. In this configuration, cycle “charge air”,
which otherwise would be at ambient conditions, is compressed to a higher pressure via
compression in a centrifugal compressor. If the compressor is driven by taking power directly
from the engine shaft through an accessory gearbox, it is referred to as a “supercharger”. If the
compressor is driven by a small (usually also centrifugal) turbine utilizing engine exhaust gas, it
is referred to as a “turbocharger”, which is essentially a small gas turbine with a balanced shaft —
akin to the “gas generator” of an aeroderivative gas turbine. Supercharging increases inlet air
density and mass flow for given cylinder volume and enhances engine power output.
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Note that multiple engine RICE-CC power plants have large exhaust energy in “quantity” (i.e.,
high exhaust gas mass flow rate) but not in “quality” (i.e., still relatively low exhaust temperature).
This is the reason why the Rankine steam bottoming cycle is still a minor contributor to the overall
plant efficiency. For example, for a modern gas turbine combined cycle power plant (GTCC) with
advanced class machines, the bottoming cycle enhances simple cycle output and efficiency by
almost 50%. In other words, a net 300 MW and 42% simple cycle rating, GTCC performance
becomes about 450 MW and nearly 60%. In comparison, the output/efficiency boost in changing
from simple to combined cycle is significantly more modest for RICE as demonstrated by the data
in Table 7-1.

Table 7-1
Simple and Combined Cycle Performances for Wartsila’s 18V50SG Engine (12 Engines)

Simple Cycle Mode Combined Cycle Mode

Output at 25°C, 50 / 60 Hz 220/ 225 MW 240/ 246 MW
Output at 40°C, 50 / 60 Hz 220/ 225 MW 239/ 244 MW
Efficiency at 100% load/25°C 46.3% 50.6%

Efficiency at 50% load/25°C 46.3% 50.0%

Minimum plant load 5 MW 37 MW *Hx
Minimum load per engine 30%* 30%*

Startup time from COLD 100% load 3h*** 100% load 8h***
Startup time from HOT 100% load 10min 100% load 60min **
Stopping from 100% load 1 minute 10 minutes
Standard loading rate 11% / minute ~10% / minute
Water consumption at full load No water consumption ~120 m3/h

* Can be higher due to emission limits

** Without SCR

*** Auxiliary boiler in hot stand-by

**=* Minimum amount of engines kept running at minimum load for keeping the steam turbine in operation

7.1.2 Turbocompounding

Turbocompounding is a technique that removes the turbocharger kit from the stock engine and
modifies it so that, instead of being a net 0 kW shaft output accessory, it actually contributes to the
plant’s net shaft output and efficiency. When combined with a second combustor between the
RICE exhaust and the turboexpander inlet (i.e., “reheat” or “reheat combustion”, the impact is
fortified via two mechanisms in a combined cycle configuration:

1. higher topping cycle output and efficiency
2. higher bottoming cycle efficiency (higher exhaust gas temperature)

In the introductory version of DICE CRCC, which is the subject of the CoalFIRST pre-FEED
study, the second (reheat) combustor is eliminated for simplicity. The cycle can still be considered
a “reheat” cycle in the sense that the second combustion is moved downstream to the HRSG duct
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burners. This was necessary for generating enough steam to satisfy the demand of the stripper
reboiler in the post-combustion capture (PCC) block. While the five DICE in the power plant are
fired with MRC slurry, the HRSG duct burners utilize natural gas. It should be noted that
modification requisite for translation from RICE to DICE is exclusively limited to engine
accessories, 1.€.

1. removal of the turbocharger accessory (its functionality transferred to outside components)
2. replacement of fuel delivery skid and engine fuel injectors

In summary, the DICE CC under investigation is essentially a RICE CC with the only difference
being that the five turbocharger accessory kits of the stock RICE engines are replaced by a single
air compressor (an intercooled, multi-stage centrifugal process compressor) and a single hot gas
turboexpander. Consequently, it retains all the operability characteristics of a RICE CC.
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7.2 SIMPLE CYCLE RICE/DICE STARTUP

A typical natural gas-fired RICE startup sequence is shown in Figure 7-1. Unlike the gas turbine
power plants, overall startup time is 10 minutes or lower. The requirements for the sequence
shown are:

1. cooling water is preheated and maintained above 70°C,

2. engine bearings are continuously pre-lubricated (a “lift” pump supplies oil to the generator
bearings) and

3. the engine is on turning gear

Figure 7-1
Typical RICE (or DICE) Starting Speed and Load Curves

Load %
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400 - Speed 40
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200 - ‘ T 20
100 Speed acrelerlalicn (255}‘ 10
* ‘ : I 0
120 180 240 300 360 420 480 540 600 660 seconds

Prelubrication (30s

If necessary, RICE/DICE can be started “fast”, i.e., the engine can be synchronized in 30 seconds
(instead of 60 seconds shown in Figure 7-1, and can ramp up to full load in 5 minutes (instead of
9 minutes shown in Figure 7-1), and when needed, be ramped down and stopped in less than a
minute.

7.2.1  DICE Startup

It is recommended that engine starting and warm-up to operating temperatures should use fuel oil
or diesel. Cold starting of large engines (which tend to use lower quality fuel) is always somewhat
marginal, as the heat losses from a cold cylinder and a slow compression stroke, plus cold injection
equipment, means that the charge temperature at the start of injection is lower (say 400°C) than
when hot and at speed (say 650°C). This is an issue, as all coals have a higher autoignition
temperature (530-575°C) than fuel oils (250-375°C).
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It is, therefore, unlikely that MRC will be suitable to start a cold engine. Even if the engine started,
the higher unburnts from a cold engine would cause problematic contamination of the cylinder
bore, with unburnt coal packing behind the piston rings. This packing would cause accelerated
ring and cylinder wear, and possibly ring breakage.

The use of diesel fuel oil for starting will require a dual injection system — a small capacity one for
starting, and a larger one for MRC. An additional benefit is that the smaller capacity system for
diesel fuel oil could also be used for pilot fueling

7.2.2 Pilot Fueling

DICE may require some pilot fueling — an established technology with natural gas engines,
especially those needed to operate as dual-fuel engines (i.e., as distinct from lower compression
spark ignition gas-only engines — Otto cycle). The amount of pilot fuel required needs
experimental data. It will depend on the engine (speed, cylinder size, boost, aftercooling etc.,
which affect the charge temperature at the start of injection) and the effective volatiles content of
the MRC. However, it is expected that a fixed 2-5% of the heat rate at maximum output would be
sufficient — which automatically provides a higher proportion of heat input when required at idle
and lower load settings.

For low-speed engines (<400 rpm), and based on practical experience, it is expected that the engine
could operate reliably on 100% MRC, providing the engine is hot and above (say) 35% load. For
lower load and higher speed engines, minimum pilot fueling with fuel oil is likely to be required.
As both startup and pilot injection will require a separate injection system, operationally, some
minimum pilot injection will likely be preferred to provide cooling of the pilot injector nozzles.

Injection timing for the pilot injection would normally be just before, or at the same time, as the
MRC —both being electronically timed to allow optimization for different engine conditions and
fuel variations.

In addition to a lower speed, derating the engine by reducing the amount of aftercooling (a higher
air inlet temperature would give a reduction in cylinder charge, with a disproportionate increase in
compression heating) — which may also reduce the need for pilot fueling.

The requirement for assisting ignition with pilot fuel provides an additional implementation
strategy: installation of dual fuel NG engines now, being progressively switched to DICE as
required using a retrofit kit.

7.2.3  DICE Shutdown

With a correctly designed fuel system, engine shut own can be achieved without any precautions.
To achieve this, the fuel system will require some method of controlling a circulating flow of fuel
down the injector to the needle valve and back to the service tank — as described in the engine
modifications section. If this feature is not included, then a full flush of the fuel system from the
feed pump through the injector will be required while the engine is operating to eliminate the
possibility of stagnant coal fuel clogging the hot injection system while stopped. With the latter
system the engine shut down would be under pilot fueling.
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While diesel fuel has been used as the flushing fluid in some previous trials by simply switching
the fuel supply to the engine from MRC to diesel, this arrangement is not recommended. In
contrast to MRC, diesel fuel requires perfect sealing of valve seats (i.e., the needle or cut off valve
in the injector) to ensure that fuel does not leak into the cylinder under the influence of the fuel
supply pump. Also, any MRC that is not flushed from the system by the diesel fuel will highly
likely result in agglomeration of the residual coal particles, potentially causing blockages. If this
method of flushing is chosen, then an alternative flushing fluid should be used, for example, a
mixture of long chain polyglycol (e.g., UCON) and water. This fluid would have the advantage
of being miscible with MRC. In both cases, the switchover to the flushing fluid needs to be
undertaken at less than half-load to avoid overfueling the engine.
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7.3  COMBINED CYCLE RICE/DICE STARTUP

A typical RICE CC fast startup sequence (12 engines) is shown in Figure 7-2. All engines are
started simultaneously; thus, 90% of plant full load is reached in slightly over five minutes.
Steam turbine roll starts at the 30-minute mark and full plant load is reached 15 minutes after
that.

Figure 7-2
Typical RICE CC Startup Speed and Load Trends

Dry Flexicycle plant load at fast start-up

Engine load

Steam turbine
load

=== Total load

A simplified schematic diagram of DICE CRCC is shown in Figure 7-3. During startup the main
air compressor (MAC) is started by the variable frequency drive (VFD). Surge control is
accomplished by recirculation and/or blow-off by the MAC controller. Engines are started
simultaneously in a manner similar to that shown in Figure 7-1 but in a “fast start” mode.
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Figure 7-3

Schematic of RICE CRCC
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Note the bypass lines to and around the hot gas expander, which is started using the hot exhaust
gas coming from the engines, mixed with air extracted from the MAC to cool it. According to the
OEM, the general rule is to control the warming rate at about 100°C/hour until the unit reaches the
design temperature.

For a “cold start”, the turboexpander startup sequence can be split into four phases after standard
pre-start check list including instrumentation, lubrication, etc. (note that the unit is driven by the
exhaust gas, i.e., there is no starter motor):

e acceleration to the idle speed (~800-1,500 rpm);
e warming time at idle speed;

e once temperature reaches the 500°C, flue gas valves are set to fully open position, the speed
increases to the design value;

e synchronization to the grid is followed by the last temperature increase step, which is
completed in few minutes.

At the start of the idle time, gas/air enter into the machine and, in a few minutes, it reaches ~300°C.
It takes about 2 to 3 hours for the unit to warm up to 530 °C at idle speed. In this time frame, disc
cooling air is activated, machine drains are closed, standard checks are performed (bearing
temperatures, vibration readings and so on). During startup, inlet pressure and flow through the
unit is controlled by the inlet guide vanes and bypass valve.
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Main air compressor startup is straightforward and fast whether it is a “cold” or “hot” start because
there is no warm-up period involved. The critical item in process control startup is surge control,
which is typically accomplished by recirculation (or recycling) of discharge air through the anti-
surge valve into the compressor suction. In intercooled, multi-casing units, each compressor
section has its own surge control setup.

Due to the large motor size of the MAC (> 25 MW), a VFD is necessary to prevent current inrush
during starting. Typical compressor start sequence is shown in Figure 7-4 using speed and anti-
surge valve position trends. The startup process on the performance map is depicted in Figure 7-5.
Prior to startup, intercooler circulating water flow starts and anti-surge valves are opened. Unit
drains are closed, and standard checks are performed (bearings temperature, vibrations readings,
etc.). Typically, inlet guide vanes (IGVs) are set to their lowest setting, which helps with current
inrush as well. As shown in Figure 7-5, as the machine is cranked by the VFD, volume flow
increases but recycling prevents pressure buildup, which ensures that the unit goes through the low
speeds safely removed from the surge line. Once the operating pressure is reached, IGVs are

opened and anti-surge valve is closed in a controlled manner to bring the unit to full flow and full
load.

The last step is going to be coordinated with the engine startup by the controller. The exact
sequence and control algorithm will be determined by dynamic simulation runs during detail
engineering. Similarly, dynamic simulation runs are also going to be used to coordinate the
turboexpander startup controls with the engines.
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Typical Centrifugal Compressor Startup — Speed and Anti-Surge Valve Position

Figure 7-4
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Figure 7-5

Typical Centrifugal Compressor Startup — Pressure and Flow Path
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DICE CRCC startup after an overnight shutdown is shown in Figure 7-6. As shown in the figure,
MAC is started first by the VFD using power from the grid. Thereafter, first all five DICE are
cranked to FSNL, synchronized to the grid and loaded to full load. Once there is enough exhaust
gas generated to crank the turboexpander to FSNL, which is about 40% DICE load (equivalent of
two engines running at full load), turboexpander roll starts. After the turboexpander is
synchronized to the grid and ramped to full load, steam turbine roll and load process starts. Once
all the five engines have started, the HRSG receives its full exhaust gas flow. After the
turboexpander start has been completed, the duct burners are lit. Steam produced by the HRSG
until the steam turbine roll and loading is rerouted to the condenser via the bypass line. Steam
turbine is loaded by the controller via synchronized opening and closing of the admission and
bypass valves, respectively. Plant full load is reached at twenty-minute mark. During the startup
sequence shown in Figure 7-6, the PCC block is off-line.

Figure 7-6
DICE CRCC Hot Start
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PCC startup is started at the 30-minute mark. Detailed pre-start preparation and startup procedure
are described in detail below. Once steam starts to be directed from the HP turbine exhaust to the
stripper reboiler, steam turbine starts going down. Once the steam flow through the LP turbine
reaches its minimum value, it is taken off-line by the SSS clutch. Steam turbine generator is driven
by the HP turbine in a backpressure operating mode.

DICE CRCC can be ramped down to about 30% plant load (two DICE operating) by turning down
the engines in sequence. In this mode, hot gas turbo expander and the steam turbine are in a load
following mode. This is shown in Error! Reference source not found. with a ramp-down rate
corresponding to 90 seconds for shutting down one DICE, which is typical and easily doable. Even
shorter times are possible based on OEM requirements and input. Note that load ramps (up or
down) with all engines in operation are practically instantaneous. As noted above, bringing up an
engine from standstill to full load is about 5 minutes.
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Figure 7-7
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Conceptually, as shown in Figure 7-7, the plant can be brought down to one DICE on-line with
the plant running at 10% load. This has to be confirmed by the MAC and turboexpander OEMs
during detail design, i.e., whether their equipment can run at that low level of load. In the case
that this is an issue for the MAC, it can be alleviated during the detail design by specifying two
parallel MAC trains. While this would increase the total installed equipment cost, it would be
countered by the cost saving from the elimination of the VFD and associated electrical BOP. Even
if the plant equipment can take the lowest flow and stay in operation, there is the question of
whether the PCC can operate at such low flue gas flow. This requires careful engineering design
of the capture block for maximum turndown.

It should be mentioned that the plant can run with only one (or more) DICE in operation. This can
be easily accomplished by providing a bypass stack downstream of the DICE (upstream of the hot
gas expander) or between the turboexpander and the HRSG. While this is a straightforward plant
option, it should be carefully investigated at the beginning of the project based on the
environmental regulations at the chosen site. The bypass stack can discharge directly to the
atmosphere (the most economic option) or its flue gas can be directed to the PCC (unlikely to be
cost-effective).
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7.4  STARTUP TIME AND RAMP RATES SUMMARY

A summary of the DICE CRCC startup times for various conditions is shown per the following.
The values cited are based on starting up from cold iron to 100 percent load but exclude PCC
start.

e Hot start (overnight shutdown) in 30 minutes
e  Warm start (48-72 hours down) in 1 to 2 hours
e Cold start (> 72 hours down) in 2 to 3 hours

Exact values for these start up times depend on the hot gas turboexpander allowable ramp rate.
Operation at less than 100 percent load can be achieved in 30 minutes, regardless of hot, warm or
cold start.

RICE is able to ramp at ~20% per minute from full speed no load (FSNL) to full speed full load
(FSFL). From 100% plant (not engine) load to 60% engine load is 4 minutes, at which point the
plant is at 50% load. Therefore, the % MCR/min is 12.5% (plant) normal.

On an emergency basis, two engines can be tripped instantaneously, ramping down to 60%
engine load (50% plant load). With the inertia of the other systems, at 2 minute maximum, the
MCR can be as high as 25% per minute under emergency circumstances.
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Section 1 Capital Cost Estimate

1.1

COST ESTIMATION METHODOLOGY

Capital costs for the small-modular DICE CRCC plant (nominally a 100 MW “power block™ but
less than 100 MW with post-combustion capture for this introductory variant) were derived based
on the following methodology:

Capital costs for the coal beneficiation system were estimated by Sedgman and presented as a
turnkey subcontract cost in this report. The capital cost estimate is reflective of the facility
fully designed, supplied, fabricated and delivered to site, constructed and commissioned in
accordance with the coal beneficiation plant scope of work detailed in the pre-FEED
performance results study. For this study phase, Sedgman has utilized its historical cost
information for procurement, fabrication and installation pricing and rate and this information
will be validated in future study phases.

Sedgman’s bulk material and labor cost estimating procedures are based on quantity take-offs
and construction rates respectively. The Sedgman in-house cost estimating database for the
development, design and construction of coal handling and preparation plants and associated
mine infrastructure is comprehensive and is continuously being updated.

The costs for certain specialized, commercial equipment associated with the DICE CRCC
plant, such as the air compressor, hot gas combustor, hot gas expander and the various
generator equipment, were estimated and verified with budgetary quotes from equipment
vendors. These were then developed up to the total plant cost level, which includes bulk
material, labor, and construction indirect costs based on historical factors for similar equipment
type. Costs associated with common equipment types (pumps, heat exchangers) were
estimated using commercial cost estimation software (Aspen In-Plant Cost Estimator,
Thermoflow PEACE)

Post combustion capture (PCC) plant cost was determined via a bottoms-up cost estimate based
on major equipment sizing and using past quotes from equipment vendors or cost curves
derived from commercial cost estimate software

DICE CRCC balance of plant (BOP) systems were estimated via a bottoms-up cost estimate
based on major equipment sizing and developed to total plant cost level using historical factors

The DICE CRCC solids handling systems (coal handling and ash handling) were scaled via
capacity factor, using appropriate scaling parameters and capacity factoring exponents stated
in NETL’s Quality Guidelines for Energy System Studies (QGESS) Cost Scaling Report

Table 1-1 shows the methodology used to estimate the costs for each of the major accounts and
subaccounts of the DICE CRCC plant.
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Table 1-1

100 MWe DICE CRCC Cost Accounts and Estimation Methodology

Acct
No. Item/Description Cost Estimate Methodology
1|COAL HANDLING Included in Sedgman scope
2|COAL & SORBENT PREP & FEED
2.1|Coial Receiving, Conveying & Crushing
2.2|Grinding
2.3|Flotation
2.4|Product Dewatering Each area estimated as turnkey subcontract cost based on Sedgman's in-house estimation database
2.5|Product Slurry Storage
2.6|Tailings Dewatering
2.7|BOP and Reagents
3|FEEDWATER & MISC BOP SYSTEMS
3.1|Feedwater System Included in HRSG cost
3.2|Deaerator, Water Treatment & Tanks Bottoms-up, major equipment factored estimate
3.3|Service Water Systems Bottoms-up estimate, includes service water pumps and headers
3.4|Natural Gas Pipeline Bottoms-up estimate based on inch-mile of pipeline; pipeline used is 6" ID, 10 mile length
3.5|Waste Treatment Equipment Bottoms-up estimate, includes waste water discharge pumps, tanks, and headers
3.6|Plant Instrument Air System High-level estimate based on plant and instrument air consumption
3.7 |Fire Protection System Bottoms up estimate based on fire water requirement
3.8[Miscellaneous Pumps and Tanks Bottoms-up cost estimate
4|DICE GT
4.1|DICE and Generator (5) Per MAN, equipment engines of this type are between $6 and $7 million
4.2|Air Compressor Equipment cost quoted by Siemens Dresser-Rand
4.3|Hot Gas Expander + Generator (1) Equipment cost quoted by Siemens Dresser-Rand
4.4|MRC Preheater Estimated from Thermoflow PEACE
4 .5|Fin-Fan Air Cooler Estimated from Thermoflow PEACE
4.9|DICE-GT Foundation Bulk foundation material and labor factored from DICE GT equipment costs
5|FLUE GAS CLEANUP
5.1|Caustic scrubber/direct contact cooler Sulzer quote for packing/internals and literature
5.2|Third-Stage Separator Quote from UOP Honeywell
5B({CO2 REMOVAL & COMPRESSION
5B.1|MEA CO2 Capture Nexant bottoms-up cost estimate
5B.2({CO2 Compression & Drying Nexant bottoms-up cost estimate
5B.9(CO2 Capture & Compression Foundation |Bulk foundation material and labor factored from CO2 capture and compressions equipment costs
7|HRSG, DUCTING & STACK
7.1|Heat Recovery Steam Generator (w/ SCR) |Nooter & Eriksen bid for TC-RHT GTCC
7.2|Ductwork From layout using other CCS cost estimates as guide
7.9|HRSG, Duct & Stack Foundations Bulk foundation material and labor factored from HRSG equipment costs
8|STEAM TURBINE GENERATOR
8.1|Steam TG & Accessories Siemens Industrial bid
8.2|Condenser & Auxiliaries Thermoflow PEACE
8.3|Steam Piping From layout using other Bechtel power projects as guide
8.9|TG Foundations Bulk foundation material and labor factored from steam turbine equipment costs
9[COOLING WATER SYSTEM
9.1|Cooling Towers Quote from Cooling Tower Depot
9.2|Circulating Water Pumps Bottoms-up cost estimate based on pump sizing
9.3(Circ. Water Piping Estimate based on underground CW piping length
9.4|Make-up Water System Bottoms-up estimate, includes makeup water pump, filter, and headers
9.9|Circ. Water System Foundations Bulk foundation material and labor factored from cooling water/cooling tower equipment costs
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Table 1-1 (cont’d)

100 MWe DICE CRCC Cost Accounts and Estimation Methodology

Acct
No.

Item/Description

Cost Estimate Methodology

10
106
10.7
10.9

11
111
11.2
11.9

12
121
122

13
131
13.2

14
14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8
14.9

ASH/SPENT SORBENT HANDLING SYS
Ash Storage Silos

Ash Transport & Feed Equipment
Ash/Spent Sorbent Foundation

ACCESSORY ELECTRIC PLANT
Electical Equipment

Transmission Lines and Switchyards
Electrical Bulks and Foundations

INSTRUMENTATION & CONTROL
DICE GT-CRCC Control Equipment
PCC Control Equipment

IMPROVEMENTS TO SITE
DICE GT-CRCC Sitework
PCC Sitework

BUILDINGS & STRUCTURES

DICE Area

Steam Turbine Building
Administration Building

Circulating Water Pumphouse
Water Treatment Buildings

Machine Shop

Warehouse

Other Buildings & Structures

Waste Treating Building & Structures

Scaled via QGESS capacity factoring using Low Rank Coal Baseline Report as reference

Bottoms-up cost estimate based on electrical single-line

Factored from DICE GT-CRCC equipment costs
Factored from CO2 capture and compression equipment costs

Factored from DICE GT-CRCC equipment costs
Factored from CO2 capture and compression equipment costs

Factored from DICE GT equipment costs

Factored from steam turbine equipment costs

Based on labor position requirements

Factored from cooling water associated equipment costs

Based on rough square footage requirements

O Nexanr

100 MWe DICE CRCC Pre-FEED Study
Cost Results Report

243




O Nexant

1.2  CAPITAL COST ESTIMATE
1.2.1 Total Plant Cost (TPC)

Table 1-2 provides a breakdown of the DICE CRCC total plant cost (TPC), in 2018 dollars,
reported in a similar format, with similar code of accounts as the NETL baseline reference cases
for combustion-based coal and natural gas-fired power plants.

The estimated TPC for the small, modular (nominal 100 MW “block”) DICE CRCC plant is $422.4
million (MM), or $5,419/kW-net,

Table 1-3 presents the breakdown of the additional costs required to develop the TPC to total
overnight cost (TOC), per the assumptions used in the NETL coal and natural gas baseline power
plant cases. The resulting TOC, at $525 MM, or $6,732/kW-net is used for the calculation of the
levelized cost of electricity (LCOE).
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Table 1-3

100 MWe DICE CRCC Total Overnight Cost Breakdown

Description | $/1,000 $/kW
Preproduction Costs
6 Months All Labor $6,197 $79
1 Month Maintenance Materials $388 $5
1 Month Non-Fuel Consumables $878 $11
1 Month Waste Disposal $2,388 $31
25% of 1 Months Fuel Cost at 100% CF $712 $9
2% of TPC $8,448 $108
Total $19,010 $244
Inventory Capital
60-day supply of fuel at 100% CF $4,130 $53
60-day supply of non-fuel consumables at 100% CF $1,242 $16
0.5% of TPC (spare parts) $2,112 $27
Total $7,484 $96
Other Costs
Initial Cost for Catalyst and Chemicals $782 $10
Land $300 $4
Other Owner's Cost $63,358 $813
Financing Costs $11,404 $146
Total Overnight Costs (TOC) | $524,724 $6,732
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Section 2 Plant Operating Costs

21 FUEL SPECIFICATIONS
211 PRB Coal

The design fuel for the DICE CRCC is low-sulfur sub-bituminous Montana Rosebud Powder River
Basin (PRB) coal, with an as-received heating value of 8,564 Btu/lb HHV (8,252 Btu/lb LHV).

Based on the QGESS Cost Estimation Methodology for NETL Assessments of Power Plant
Performance document, the levelized fuel price for PRB coal delivered to the U.S. Midwest is
$38.21/ton.

2.1.2 Beneficiated Coal Yield

The raw coal has an ash content of 11.03 percent by weight (wt%) on a dry basis, and needs to be
micronized and de-ashed to an appropriate level in order to protect the moving parts of the engine
that are exposed to either the micronized coal-water fuel or the solid particulate products of
combustion which contain both ash and traces of unburned coal.

The DICE CRCC conceptual design utilizes physical beneficiation to remove the minerals and
sulfate/pyritic sulfur in the PRB coal. Sedgman’s physical beneficiation process, as described in
the Performance Results Report, reduces the ash content to about 2 wt% on a dry basis, which is
considered suitable for combustion in DICE. On a mass basis, the yield of beneficiated coal
product to raw coal feed is 47.5 percent.

2.1.3 Natural Gas Price

Based on the most recent DOE Bituminous Baseline Report (rev 4, 2019), the current levelized
natural gas price is $4.19/GJ ($4.42/MMBtu) on an HHV basis, delivered to the Midwest, and
reported in 2018 U.S. dollars.

In its reference Midwestern NGCC case, DOE assumes that the natural gas feed is delivered to the
power plant via a 10-mile long underground, carbon steel gas pipeline. The DICE CRCC plant in
this conceptual design accounts for the cost associated with the same pipeline length but for a
smaller diameter (6 inch-piping) due to the much smaller natural gas demand.

214 Diesel Price

Based on EIA data, the average annual wholesale price for U.S. No.2 diesel is $2.12/gallon. For
this study, a price of $2.50/gallon of No.2 diesel is assumed to account for transportation costs to
the DICE CRCC plant. Since the real escalation rate is assumed to be zero percent, all real dollar
amounts stay the same as in the base year, 2018, and thus the levelized cost of fuel is the same as
the estimated 2018 cost at $2.50/gallon.
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22  OPERATING COST

Table 2-1 presents a breakdown of the nominal 100 MWe DICE CRCC fixed and variable
operating costs related to operations and maintenance (O&M) of the facility, including the cost of
fuel, in 2018 dollars, based on the performance of the plant as presented in the Pre-FEED
Performance Results Report.

It is notable that the low recovery of beneficiated product from processing PRB coal, at less than
50 percent, results in a large consumption of the PRB coal feed. Additionally, it generates a
significant quantity of coal tailings slurry that needs to be disposed of. While these tailings still
contain significant heating value, there appears to be no commercial or non-monetary disposal
methods for the tailings slurry. A conventional wet disposal method is proposed and a $38/ton
disposal cost was used in the cost estimate, as referenced from the DOE Bituminous Baseline
Report.

This disposal cost is considered conservative, since the tailings contain significant heating value,
as much as the product itself, albeit with higher ash content and in the form of a slurry. Its quality
can be comparable to that of lignite coals found in the Gulf Coast region, which have heating
values as low as 4,000 Btu/lb, and moisture contents as high as 55 percent). It could therefore be
potentially useful as a fuel for slurry-based gasification or for combustion after suitable processing
(e.g. briquetting). Additionally, research has shown that such wastes can be used as a material for
filling abandoned workings in mines or to seal surface stockpiles. Post-flotation wastes from
beneficiation of coking coals with calorific value more than 5,000 kJ/kg can be used as fuel for the
production of building construction ceramics, and after further beneficiation as an additive to
energy fuel.

A sensitivity analysis is conducted in a later section which assumed a disposal cost ranging from
-$10/ton to $38/ton. The former assumes that the tailings are a useful byproduct with a free on
board (FOB) price of $10/ton, or about $1.4/MMBtu. The latter, as used in this base case analysis,
simply assumes that there is no market for this product, and it must be disposed of at the full-on
disposal cost of $38/ton.
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Table 2-1
100 MWe Nominal DICE CRCC Annual Operating Cost Breakdown
INITIAL & ANNUAL O&M EXPENSES
Case: DICE GT-CRCC
Plant Size (MWe) 78
Primary/Secondary Fuel: Wyoming PRB Fuel Cost ($/MMBtu):
Design/Construction 3 years Book Life (yrs): 20
Cost Base Dec-18
Capacity Factor (%) 85 CO2 Captured (TPD) 1857
OPERATING & MAINTENANCE LABOR
Operating Labor
Operating Labor Rate (base): $38.50 $/hr
Operating Labor Burden: 30.0 % of base
Labor Overhead Charge 25.0 % of labor
Coal Beneficiation Plant Operating Labor Requirements per Shift
Skilled Operator 1.0
Operator 5.0
Foreman 1.0
Lab Tech's etc 1.3
DICE GT-CRCC Operating Labor Requirements per Shift
Skilled Operator 2.0
Operator 43
Foreman 1.0
Lab Tech's etc 1.0
TOTAL Operating Jobs 16.6
Annual Cost
$ $/kW-net
Annual Operating Labor Cost $7,278,071 $93.37
Maintenance Labor Cost $2,636,417 $33.82
Administration & Support Labor $2,478,622 $31.80
Property Taxes and Insurance $8,447,741 $108.37
TOTAL FIXED OPERATING COSTS $20,840,851 $267.36
VARIABLE OPERATING COSTS
$ $/MWh-net
DICE GT-CRCC Plant Maintenance Material Cost $3,954,626 $6.81
Coal Beneficiation Plant Maintenance Cost $2,043,113 $3.52
Consumables Consumption Unit Initial Fill
Initial [Day Cost Cost
Water(/1000 gallons) 0 902 1.90 $0 $531,901 $0.92
Chemicals
MU & WT Chem (ton) 0 3.87 550.00 $0 $660,221 $1.14
MIBC Frother (ton) 0 1.1 4082 $0 $1,332,000 $2.29
Collector (diesel) (gal) 0 315 2.50 $0 $244,386 $0.42
Flocculant (ton) 0 0.2 2948.38 $0 $168,350 $0.29
Lube Qil for DICE $468,979 $0.81
SCR Catalyst (ft2) 0 0.43 150.00 $0 $19,815 $0.03
Ammonia (19% NH3) (ton) 0 0.18 300.00 $0 $16,615 $0.03
NaCH (tons) 16.3 300.00 $0 $1,5615,631 $2.61
Carbon (Mercury Removal) (ton) 0 0.1 1600.00 $0 $64,871 $0.11
MEA Solvent (ton) 279 3.8 2721.80 $759,280 $3,208,156 $5.53
Corrosion Inhibitor $0 $339,454 $0.58
MEA Reclaimer Additive (ton) 3.8 181 $0 $212,436 $0.37
Lean Amine Carbon Filter Package (Ib) 6723 242 1.2 $8,336 $93,113 $0.16
Pre- and Post- Cartridge Filter (ea) 2 0.04 6964 $13,928 $77,784 $0.13
Subtotal Chemicals $781,544 $8,421,712 $14.51
Waste Disposal:
Coal Beneficiation Slurry Reject 0 2054 38.00 $0 $24,213 934 $41.72
Fly Ash (ton) 0 121 38.00 $0 $143,069 $0.25
PCC Thermal Reclaimer Waste 0 3.8 38.00 $0 $44,492 $0.08
Subtotal Waste Disposal 7 $0 $24,401,495 $42.04
TOTAL VARIABLE OPERATING COSTS $781,544 $39,352,846 $67.80
FUEL COSTS
PRB Coal (ton) 0 1786 38.21 $0 $21,170,246 $36.47
Diesel (gal) 0 238 2.50 $0 $184,471 $0.32
Natural Gas (MMBtu) 0 5743 4.42 $0 $7,875,770 $13.57
TOTAL FUEL COSTS $0 $29,230,487 $50.36
TOTAL VARIABLE OPERATING + FUEL COSTS $68,583,333 $118.16
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2.3  OPERATION & MAINTENANCE (O&M) COSTS AT TURNDOWN (PART LOAD) CONDITIONS

The variable O&M costs associated with the plant part load operating conditions are shown in
Figure 2-1. These costs include the consumables (water, chemicals and catalysts), waste disposal,
and fuel costs, while excluding fixed O&M costs associated with operating and maintenance labor
costs, as well as maintenance material costs. These are reported on a normalized basis. For
reference purposes, the variable operating cost associated with the base case of 5 DICE with PCC
is $100.7/MWh.

The horizontal axis indicates the part load variable O&M cost expressed as a fraction of the full
load (5 DICE, with PCC) net output, and is based on an operational range of two DICE through
the maximum of all five DICE. The right-most point on the graph shows the variable O&M cost
of the plant when the PCC is not in service and steam is routed to a condensing turbine to generate
additional power instead of the PCC reboiler.

Figure 2-1
DICE CRCC Part Load Variable O&M Costs

Part Load/No PCC Variable O&M Cost vs Plant Output
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Section 3 Estimated Levelized Cost of Electricity and Sensitivity Analysis

3.1 DESIGN LEVELIZED COST OF ELECTRICITY (LCOE)

Based on the overall performance, TOC, and annual operating cost of the 100 MWe DICE CRCC
plant, its levelized cost of electricity (LCOE) was estimated to be $223.9/MWh. The LCOE was
estimated based on the methodology established in the previously submitted Design Basis Report.
The parameters used in estimating the LCOE are summarized in Table 3-1.

Table 3-1

LCOE Parameters and Cost Breakdown
Plant DICE CRCC
Size 78 MWe
Capacity Factor (CF) 85%
Years of Construction 3
Total As-Spent Cost/Total Overnight Cost Ratio 1.093
Fixed Charge Rate (FCR) 0.0707
Total Overnight Cost (TOC), $MM 525
Total As-Spent Cost (TASC), $MM 574
Fixed Operating Cost, $MM/yr 20.8
Variable Operating Cost @ 100% CF, $MM/yr 46.3
Fuel Cost @ 100% CF, $MM/yr 34.4
Annual 1000 MWh (100% CF) 683
LCOE (excl. CO; T&S), $/MWh 223.9
LCOE Breakdown, $/MWh
Fuel (incl. coal beneficiation) 50.4
Variable O&M 67.8
Fixed O&M 35.9
Capital Charges 69.9
Total LCOE, $/MWh 223.9

Note: 3 year construction for DICE CRCC is consistent with NGCC construction period assumption as used by NETL in its
reference reports. TASC/TOC ratio used for LCOE evaluation for such 3-year capital projects is 0.0707
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3.2 LCOE OF POTENTIAL VARIANTS
3.21 No Post-Combustion Capture

Implementing post-combustion capture (PCC) to the DICE CRCC system imposes a significant
penalty on its efficiency, capital cost, and operating cost, thereby resulting in a high LCOE. A
parametric scenario without PCC was evaluated to quantify the performance and cost impact. For
this parametric case, exhaust steam from the main steam turbine that would have been diverted to
the PCC is sent to a condensing turbine to produce more power, resulting in greater power
generation from the steam cycle. As shown in the Performance Results Report of this pre-FEED
study, eliminating PCC results in a 35 percent increase in net power generation. The calculated
efficiency of this case is 39.9 percent on an LHV basis (37.7 percent HHV).

3.2.2 Centralized Coal Beneficiation Plant

For a small, modular power plant such as the DICE CRCC (< 100 MW for this introductory
variant), the performance and cost estimates presented in previous reports suggest that it makes no
economic sense to install a coal beneficiation plant on-site, analogous to building a crude oil
refinery on-site at every gas station. For the modular DICE CRCC plant to be feasible, there must
be multiples of such power plants, each receiving fuel from a centralized coal beneficiation plant,
thereby taking advantage of the economies-of-scale benefits that the large central beneficiation
plant possesses.

A parametric case was run to denote the ideal future deployment of the DICE CRCC technology.
This case utilizes a centralized coal beneficiation plant which distributes beneficiated coal to the
multiple small-scale DICE CRCC power plants in operation. The performance of this plant was
presented in the Performance Results Report, which was estimated by eliminating all auxiliary
loads and utilities associated with the coal beneficiation plant. The gross power remains the same
as the on-site beneficiation case but the auxiliary power is reduced by about 10.5 percent or 5 MW.
The net power increases similarly by 5 MW, or a 7 percent increase. The estimated efficiency for
this case is 32.7 percent LHV (31.0 percent HHV).
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3.2.3 LCOE Estimates of Variants

Table 3-2 presents the summary comparison of the capital costs, operating costs, and LCOE
breakdown of the DICE CRCC plant with and without PCC, and the envisioned “ideal” DICE
plant that receives coal feed from a centralized coal beneficiation plant.

Table 3-2
Performance and LCOE Summary Comparison for DICE CRCC Parametric Cases
Plant DICE CRCC No DICE CRCC Ideal DICE
PCC with PCC CRCC with PCC
(on-site (centralized
beneficiation) | beneficiation)
Size 105 MWe 78 MWe 83 MWe
Plant Efficiency, LHV 39.9% 30.8% 32.7%
Plant Efficiency, HHV 37.7% 29.1% 31.0%
Capacity Factor (CF) 85% 85% 85%
Total Overnight Cost (TOC), $MM 433 525 450
TOC, $/kW 4,123 6,732 5,558
Total As-Spent Cost (TASC), MM 474 573 492
Fixed Operating Cost, $MM/yr 17.6 20.8 15.2
Variable Operating Cost @ 100% CF, $MM/yr 40.8 46.3 13.4
Fuel Cost @ 100% CF, $MM/yr 35.8 344 33.7
Annual 1000 MWh (100% CF) 921 683 726
LCOE (excl. CO; T&S), $/MWh 148.6 223.9 145.7
LCOE Breakdown, $/MWh
Fuel (incl. coal beneficiation) 38.9 50.4 46.4
Variable O&M 44 .4 67.8 18.4
Fixed O&M 225 35.9 246
Capital Charges 42.8 69.9 56.4
Total LCOE, $/MWh 148.6 223.9 145.7

For the case without PCC, the capital costs and operating costs associated with the PCC were
eliminated in the parametric cost analysis. The resulting TOC is about 18 percent lower at
$433MM. The fixed operating cost is about 15 percent lower while the variable operating cost is
12 percent lower, primarily because the amine make-up requirement, the largest PCC variable cost
contributor, has been eliminated. Fuel cost is slightly higher due to the higher natural gas
consumption requirement in the supplementary fired HRSG in order to raise the steam quality such
that it is suitable for the condensing turbine downstream of the HRSG.

The DICE CRCC plant without PCC has an LCOE of $148.6/MWh, or 66 percent of the same
plant with PCC. Essentially, adding the PCC plant to capture 90 percent of the CO: in the DICE
CRCC flue gas increases its cost of electricity by 50 percent.

For the ideal DICE CRCC plant, the capital and operating costs associated with the modular coal
beneficiation plant were eliminated in the analysis. The resulting TOC is 14 percent lower at
$450MM. Fixed operating cost is about 27 percent lower due to the much lower staffing
requirement as a result of eliminating the labor-intensive on-site beneficiation plant. In terms of
fuel cost, the beneficiated coal cost was estimated to be $4.3/MMBtu, in line with CSIRO’s
estimates from DICEnet literature, and the resulting fuel cost, at $33.7MM/yr, is about 2 percent
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lower than the base case. Additionally, the variable operating cost is significantly reduced as there
are no reject tailings to dispose of on-site since the plant uses beneficiated coal directly.
Elimination of the tailings slurry waste disposal operating cost results in a 71 percent reduction in
variable operating cost.

The ideal DICE CRCC plant using coal received from a centralized beneficiation plant and with
90 percent CO; capture has a more reasonable LCOE of $145.7/MWh, or about 65 percent of the
base case plant with on-site beneficiation.
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3.3 LCOE AT TURNDOWN CONDITIONS

The LCOEs associated with the plant part load operating conditions are reported on a normalized
basis in Figure 3-1 and includes the estimated part load conditions for a DICE CRCC plant
receiving coal from a centralized coal beneficiation facility.

Figure 3-1
DICE CRCC Part Load LCOE

Part Load/No PCC Variable O&M Cost vs Plant Output
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34  REFERENCE SUPERCRITICAL PC PLANT LCOE

For reference purposes, the cost and performance estimates of a conventional 650 MWe
supercritical pulverized coal (SC PC) plant with CO; capture (Case B12B) from the most recent
NETL Bituminous Baseline Report (BBR rev4) are shown in Table 3-3.

Table 3-3
Reference NETL 650 MWe SC PC Plant Performance and Cost Summary

Plant SC PC (NETL)
Size 650 MWe
Gross Power Production, MWe 770
Total Auxiliaries, MWe 120
Net Efficiency, HHV 31.5%

, LHV 32.7%
Capacity Factor (CF) 85%
Years of Construction 5
Total As-Spent Cost/Total Overnight Cost Ratio 1.154
Fixed Charge Rate (FCR) 0.0707
Total Overnight Cost (TOC), $MM 3,023
TOC, $/kW 4,654
Total As-Spent Cost (TASC), $MM 5,372
Fixed Operating Cost, $MM/yr 78.1
Variable Operating Cost @ 100% CF, $SMM/yr 79.7
Fuel Cost @ 100% CF, $MM/yr 137.3
Annual 1000 MWh (100% CF) 5,694
LCOE (excl. CO; T&S), $/MWh 105.3
LCOE Breakdown, $/MWh
Fuel (incl. coal beneficiation) 241
Variable O&M 14.0
Fixed O&M 16.1
Capital Charges 51.0
Total LCOE, $/MWh 105.3

While the base case DICE CRCC plant has almost double the LCOE of that of a conventional 650
MW SC PC with CO; capture, it utilizes the modular coal beneficiation plant, oft-repeated in this
report to be not cost-competitive. With the centralized beneficiation plant variant, the DICE
CRCC plant’s LCOE is reduced to $145.7/MWh. While still almost 40 percent higher than the SC
PC plant, it is important to note that the SC PC plant’s LCOE is for a base-loaded, 650 MWe plant,
with huge economy-of-scale benefits compared to that of the modular DICE CRCC plant.

A comparable modular SC PC plant generating 78 MW net was estimated based on the
performance and cost estimates for the reference plant and the results are shown in Table 3-4. The
TOC for this modular 78 MWe plant was estimated by scaling the costs using a capacity factor
exponent of 0.7 to arrive at 3,023 x (78/650)°7 = $685 million. The same exponent of 0.7 was
used to calculate the modular plant’s fixed operating cost.

Variable and fuel costs were estimated by pro-rating the consumptions for 78 MW of net power
generation, assuming that the plant net efficiency remains the same, while maintaining the same
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unit costs. The resulting LCOE of this plant is $164.9/MWh, which is 13 percent higher than the
DICE CRCC plant burning beneficiated coal from a centralized facility.

Table 3-4
Scaled Modular 78 MWe SC PC Plant Performance and Cost Summary

Plant Modular SC PC
Size 78 MWe
Net Efficiency, HHV 31.5%

, LHV 32.7%
Capacity Factor (CF) 85%
Years of Construction 5
Total As-Spent Cost/Total Overnight Cost Ratio 1.154
Fixed Charge Rate (FCR) 0.0707
Total Overnight Cost (TOC), $MM 685
TOC, $/kW 8,786
Total As-Spent Cost (TASC), MM 791
Fixed Operating Cost, $MM/yr 17.7
Variable Operating Cost @ 100% CF, $MM/yr 9.6
Fuel Cost @ 100% CF, $SMM/yr 16.5
Annual 1000 MWh (100% CF) 683
LCOE (excl. CO; T&S), $/MWh 164.9
LCOE Breakdown, $/MWh
Fuel (incl. coal beneficiation) 241
Variable O&M 14.0
Fixed O&M 30.4
Capital Charges 96.3
Total LCOE, $/MWh 164.9
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35 SENSITIVITY ANALYSIS
3.5.1 Coal Beneficiation Yield

Based on Section 2.1.2, the beneficiated coal product yield from the as-received PRB coal is only
47.5 percent on a mass basis. Sedgman, the coal beneficiation process OEM, has indicated that its
experience with low rank bituminous coal with high inherent moisture levels such as PRB shows
that they are not amenable to upgrading with conventional coal flotation reagents, due to the high
inherent moisture rendering the coal particle surface hydrophilic. It can thus be concluded that the
design PRB coal used in this study was not an ideal choice for the beneficiation process.

Additionally, beneficiated product yield is inversely proportionate to its ash target. The relatively
low ash target of 2 percent thus renders its low yield based on Sedgman’s experience. A more
ideal choice would therefore be a hydrophobic coal such as a bituminous coal with low inherent
moisture and low ash content. Nevertheless, Sedgman acknowledged that the stated product
recovery rate was on the conservative end and the actual yield could potentially be higher.

A sensitivity analysis was conducted to determine the impact of the coal beneficiation yield on the
DICE CRCC plant LCOE, with a product recovery rate ranging from 40 percent to 85 percent.
The high end of the recovery rate can be justified by using a coal that is more amenable to
upgrading as well as a more developed DICE that can potentially tolerate higher ash beneficiated
coal.

Figure 3-2 illustrates the relationship between the DICE CRCC plant LCOE and coal beneficiation
yield. The effect of a larger beneficiation yield is twofold. First, a higher recovery rate leads to
less as-received coal feed required for the process, resulting in a lower fuel cost. Second, the
tailings reject rate is also reduced since more of the coal is recovered as product, thus reducing the
waste disposal cost. At the most optimistic recovery rate of 85 percent beneficiated coal product
yield, the plant LCOE is estimated to be $173/MWh.
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3.5.2 Beneficiation Process Reject Disposal

The current study assumes that the coal tailings from the beneficiation process have no market
value and have to be disposed at the full-on disposal cost of $38/ton. However, the tailings still
contain significant heating value, as much as the product itself, albeit with higher ash content and
in the form of a slurry. Its quality is actually comparable to that of lignite coals found in the Gulf
Coast region, which have heating values as low as 4,000 Btu/Ib, and moisture contents as high as
55 percent). It could therefore be potentially useful as a fuel for slurry-based gasification or for
combustion after suitable processing (e.g. briquetting). Additionally, research has shown that such
wastes can be used as a material for filling abandoned workings in mines or to seal surface
stockpiles. Post-flotation wastes from beneficiation of coking coals with calorific value more than
5,000 kJ/kg can be used as fuel for the production of building construction ceramics, and after
further beneficiation as an additive to energy fuel.

For this sensitivity analysis, a disposal cost range of -$10/ton to $38/ton was used. The former
assumes that the tailings are a marketable byproduct with a free on board (FOB) price of $10/ton,
or about $1.4/MMBtu. The latter simply assumes that there is no market for this product, and it
must be disposed of at the full-on disposal cost of $38/ton per the base case.

Figure 3-3 depicts how the DICE CRCC plant LCOE varies with the coal beneficiation tailings
disposal cost. Due to the large quantity of rejects generated by the coal beneficiation plant, the
LCOE is sensitive to the disposal cost, ranging from $169/MWh when the tailings are considered
most valuable to $222/MWh when they have no value and the full disposal cost has to be paid.
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Figure 3-3
Plant LCOE vs Coal Tailings Disposal Cost

LCOE vs Coal Tailings Disposal Cost
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3.5.3 DICE and Coal Beneficiation Plant Capital Cost

The two components considered most critical to the DICE CRCC plant’s success are the DICE
itself and the coal beneficiation plant. A sensitivity analysis was therefore conducted to determine
the variation of the plant’s LCOE on the capital costs of these components. A range of +/- 50
percent from the baseline cost estimate was assumed for both systems and the results are shown in
Figure 3-4.

From Figure 3-4, it can be concluded that the capital cost variation for both the DICE and coal
beneficiation plant causes similar impacts on the LCOE. This is not surprising since, as shown
in Table 1-2, the DICE and coal beneficiation plants have similar costs at around $60 MM on a
total plant cost basis.

Figure 3-4
Plant LCOE vs Coal Beneficiation Plant and DICE Bare Erected Cost

LCOE vs Critical Components Capital Cost
—=— Coal Beneficiation System —e—DICE

235
230
w
@]
(w]
-
9
& 225
(@]
§ Value used
o in this study
220
215
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Percent of Base Case Bare Erected Cost

O Nexanr 100 MWe DICE CRCC Pre-FEED Study 264
Cost Results Report



O Nexant

3.54 Equivalent Beneficiated Coal Cost

As described in Section 3.2.2, there is no economic sense in installing a coal beneficiation plant
on-site at every modular DICE CRCC power plant. This is somewhat analogous to appending an
oil refinery to each fuel oil-fired power generation facility (they rarely exist anymore, at least in
the developed world, but makes the point). For the modular DICE CRCC plant to be feasible,
there must be multiples of such power plants, each receiving fuel from a centralized coal
beneficiation plant to take advantage of its inherent economies-of-scale advantages.

For the base case, an “equivalent beneficiated coal cost” was determined on a $/ton basis. This
was calculated by eliminating all auxiliary power and capital and operating costs associated with
the on-site coal beneficiation plant. After removing all coal beneficiation related costs and utilities,
the coal cost was back-calculated on a “net-back™ basis to arrive at the original LCOE of
$223.9/MWh. This equivalent beneficiated coal cost was calculated to be $14.2 per MMBtu
(HHV), compared to the original PRB coal price of $2.23 per MMBtu (HHV) based on the
$38.2/ton cost. This represents a more than 6-fold increase in coal cost due to the modular,
economically disadvantaged coal beneficiation plant.

Based on CSIRO’s research involving Australian coals, it has been suggested that the cost of
beneficiated coal is about AUD 6/GJ (USD 4.3/MMBtu), so a cost of USD 14.2/MMBtu of
beneficiated coal in the baseline case is therefore unrealistically high.

A sensitivity analysis was conducted to determine the impact of the beneficiated coal cost on the
DICE CRCC plant LCOE, using a range of beneficiated coal costs from $2/MMBtu (essentially
no associated beneficiation costs) to the current calculated value of $14.2/MMBtu.

Figure 3-5 plots the variation of LCOE against beneficiated coal cost. Clearly, this cost has an
extremely large impact on the economic performance of the DICE CRCC plant. With the modular
beneficiation plant resulting in a cost of $14.2/MMBtu of beneficiated coal, the baseline plant’s
LCOE stands at $223.9/MWh. However, if this cost was reduced to $4.3/MMBtu per CSIRO’s
estimates, with a path toward achieving this via a centralized beneficiation plant, then the LCOE
could be reduced to a much more reasonable $145.7/MWh.
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Figure 3-5
Plant LCOE vs Beneficiated Coal Cost

LCOE vs Beneficiated Coal Cost
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3.5.,5 Gas Pricing

For this study, a levelized natural gas price of $4.42/MMBtu (HHV) for delivery to the Midwest
was used in the operating cost analysis, which is consistent with that used in the most recent DOE
Bituminous Baseline Report (rev 4, 2019). Natural gas delivered to power plants in the Midwest
was estimated to be about the same price as those delivered to the Texas area, based on DOE’s
most recent QGESS Fuel Pricing document. However, it is noted that current Henry Hub gas
prices is only about $1.9/MMBtu, so the assumed cost of $4.42/MMBtu (HHV) may be too high.

A sensitivity analysis on gas pricing is therefore conducted to determine its impact on the DICE-
GT CRCC LCOE, using a range of $1.5/MMBtu to $5/MMBtu. At the current Henry Hub natural
gas pricing of $1.9/MMBtu (HHV)', the estimated LCOE is reduced to $216/MWh.

Figure 3-6
Plant LCOE vs Natural Gas Cost

LCOE vs Natural Gas Cost

230

Value used
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! Henry Hub Natural Gas Spot Price was 1.89 USD/MMBtu for Mar 17 2020
https://ycharts.com/indicators/henry hub natural gas spot price.
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3.56 Tornado Chart

Figure 3-7 depicts the tornado chart that provides both a ranking and measure of magnitude of the
impact that each of the parameters described above has on the LCOE. 1t is clear from this figure
that the LCOE is most sensitive to the performance and cost of the coal beneficiation plant. It
would therefore be most beneficial to the DICE CRCC technology if there was a centralized coal
beneficiation plant with maximum economy-of-scale that also maximizes the yield of the
beneficiation process (which simultaneously minimizes the tailings to be disposed of), thus
reducing the beneficiated coal cost to be delivered to the modular DICE CRCC plant.

Figure 3-7
LCOE Tornado Chart

100 MWe DICE CRCC Plant LCOE Tornado Diagram
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Project Structure and Framework "1 Naanr

In the present situation, DICE (“Product”) is an integral part of DICE CRCC
(“Project”), a novel concept, requiring development of key components

The development of DICE (“Product”), which is an integral part of a DICE CRCC power
plant (“Project”), is presented. The DICE CRCC consists of fuel preparation and post-
combustion capture (PCC) blocks which is actually a “Project within a Project”. This
presentation provides the Project Structure and Framework:

= DICE CRCC' is a novel power plant concept for burning a coal-based fuel

= While there is a need for a small, modular and flexible power plant to burn coal efficiently
and cleanly

» There is no readily identifiable market demand for it (in the USA and other developed
countries)

= Coal as a power generation fuel has a negative image
= Major engine OEMs do not plan to invest in this technology
= There is ongoing research in DICE technology (CSIRO in Australia)

» |n cooperation with Chinese engine manufacturer (licensee not an original OEM)

1 DICE-Gas Turbined Compound Reheat Combined Cycle (Direct Injection Carbon Engine — i.e., coal-fired diesel engine)
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Project Structure and Framework "1 Naanr

PEP covers prerequisites and acquisitions which are based on key technology
innovation, market opportunity, specific components, and development

= Under the light of the present situation stated above, the following Project Execution Plan
(PEP) is based on following prerequisites and assumptions:

= A new and positive image for coal (already so in Asia — opens up the door to US technology
export)

» Market opportunity to entice major engine OEMs into their own R&D and/or cooperation
with third-party component R&D organizations (e.g., CSIRO in Australia)

= Fuel injection system basic design already complete
= Customer identified

= Site selection and logistics in place

This PEP is exclusively prepared for the DICE component of the DICE CRCC
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Project Structure and Framework "1 Naanr

PEP addresses key prerequisites and acquisitions related to DICE technology,
fuel preparation, and differentiates steps which required additional R&D

Coal feedstock selection — current preferred study is using PRB coal, which is not the ideal
feedstock for widespread deployment of the DICE technology (difficult to store,
spontaneous combustion)
Fuel preparation technology in place (which is predicated upon selected coal feedstock)
Grinding/micronizing
Washing/cleaning

Stabilization
Storage

These steps do not require R&D per se (they are not identified as technology gaps)

However, a careful front-end study is needed to settle on these two items before
proceeding with the power project
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Project Structure and Framework "1 Naanr

Project overview focuses on the scope related to DICE, key objectives, project
execution strategy, permitting, cost and schedule, and other related areas

Client and Project: TBD
Contract Basis and Terms: TBD

Scope of Work: Design, development and manufacturing of a Direct Injection Carbon
Engine (DICE)

Project Objective: Delivery of multiple DICE with requisite BOP ready for installation on
DICE CRCC construction site (“The Product”)

Project Execution Strategy

Project Cost and Schedule
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Project Structure and Framework "1 Naanr

DICE product development pathway requires definitive focus on identifying key
OEMs, business case to OEMs, building test facility and risk review

= Should be already in place
Fuel selection and assessment
Fuel supply secured

Basic fuel design completed

= “Piggyback” on existing work (DOE and others)
= |dentification of key OEMs

Stock engine

Fuel injector

= Business case made to the OEMs
*» Forming a consortium with an OEM
= Building a test facility

= Test campaign

= Risk review
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DICE PEP timeline covers a phased 10 year period leading to a semi-
commercial DICE plant by 2030

Stage 1 - Single cylinder tests

Stage 2 — Demonstration plant

Stage 3 - Commercial DICE

Jan-21 Jan-22 Jan-23 Jan-24 Jan-25 Jan-26 Jan-27 Jan-28 Jan-29 Jan-30
Jun 20 Dec 30

Decision point for next stage, on-gecing commitment from coal
supplier and engine maker (or additional funding sources)
Fuel system development

20Q tonnes of MRC

500 hour injector bench test

40 hour combustion/fuel handling test — single cylinder engine

Risk and techno-economic assessments

all

Logistics R&D program

H

supplier and engine maker, suitable host site, commercial
backers

Final design and construction of 5 MW demonstration plant, including a fuel

| | Decision point for next stage on-going commitment from coal
processing demonstration plant

Campaigns to test and validate new componentry, longevity and R&D, demonstrator I:II:II:I |:| I:l
for prospective fuels, operator training

1000 hour continuous campaigns to demonstrate longevity and lack of ash fouling I:“:ll:l

Component development and testing | |

Logistics, standards & fundamentals | l

20 MWV first of a kind plant,
semi-commercial operation

Fuel development is expected take place concurrently as part of the Stage 1 test programs
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Non-Commercial Component Development "1 Naanr

Product definition of DICE covers engine block (cylinder liners, fuel injectors),
air starter, fuel supply system, and other key components

» The productis one DICE comprising
Multi-cylinder engine block
Crankshaft and main bearings
Pistons and connecting rods
Cylinder liners and headers
Valve train (camshaft w/ valves)
Flywheel

Fuel Injectors
Air starter
Synchronous a/c generator
Excitation system
Oil skid
Flexible coupling
Engine coolant system
Lube-oil system
Fuel supply system
Exhaust gas system
Control system
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Non-Commercial Component Development "1 Naanr

Majority of DICE product is “off-the-shelf” and there are other product
components requiring R&D which consist of several key components

—_—

Cylinder liners and headers

Fuel Injectors
» To a great extent, “off-the-shelf”

» Several key components require R&D
or further testing and validation

Fuel supply system
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Non-Commercial Component Development

Overall DICE CRCC Process Flow Diagram

Coal Beneficiation System
(Fuel Supply)
Coal @ Benﬁ(-:fior.?i‘atiun ®MRC

Process

gl
Psgriﬁg\l;a;f CO2 Product -&
o —4‘[ @ » c co2 b
> _® ompressor
1 Hot Gas
RO B Y E 3 s L @
» _®
I P Ngt:;al HRSG @ ) @ J e @
© | pICE (injectors and ‘ '
| H = Condensate Return
— | cylinder liners to HRSG
- ® /headers)
@ Steam Turbine
@ ] Condenser
O
Air Intake 0 F Saturated Steamtrgc
@ Regenerator Reboiler
cw

Components require R&D

Components require testing and validation
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Non-Commercial Component Development "1 Naanr

Technology gaps for the product only cover fuel-engine interactions, fuel
injector design, combustion stability, exhaust valve wear, and fuel system

Fuel-engine interactions

Special coatings to protect cylinder liners, headers and valves

= Fuel injector design

Air-blast atomizer
Atomizer nozzle longevity

= Combustion stability

Ignition delay
Diesel pilot

= Exhaust valve seat wear

= Fuel system design to eliminate blockage

Fouling
Corrosion
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Non-Commercial Component Development "1 Naanr

The DICE product R&D requirements which must be addressed consist of
specific key components which require further advanced development efforts

= Engine atomizer development

= Ceramic materials development

= |njection configuration development
= Piston shape optimization

= Ducting optimization

= Fuel filtration
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Non-Commercial Component Development "1 Naanr

Coal Beneficiation Process Flow Diagram

RAW COAL .
s »> HAMMER MILL
|
GRINDING |«
CYCLONES BALL MILL
PRODUCT
SLURRY
! PRODUCTION
FIN . AND STORAGE
GRINDING [T e 3
CYCLONES g
ROUGHER | CLEANER | PRODUCT | soLIDBOWL
| FLOTATION | FLOTATION "| THICKENER "| CENTRIFUGE
+ | TAILINGS | TAILINGS
"| THICKENER | HANDLING

« No components are technology gaps per se since each plant unit operation of the flowsheet
is currently commercially available but application to coal is novel
» Testing opportunities on coal are limited (market-driven)



Non-Commercial Component Development "1 Naanr

Further testing and development required on specific coal types for optimal
yield and efficiency

= Fine grinding mill
Available technologies include impact and attrition mills
Selection of most suitable grinding technology depends on various factors
Factors include product size, feed size, energy consumption
= Ash Removal (via flotation)
Different flotation technologies available with different energy and reagent input requirements
Low ash concentration in product coal (2 wt% db) is a challenge
» Tailings Disposal/Utilization
No market value in slurry form

Additional energy/cost to process (dewatering, briquetting)
Function of product yield (< 50% for PRB coal)
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Non-Commercial Component Development "1 Naanr

Feed coal selection and development of centralized coal beneficiation plant are
vital to success of DICE CRCC

= Feed coal selection

PRB coal shown to be not suitable in current pre-FEED study
Low product yield results in large as-received feed requirement and tailings for disposal
Bench-scale tests needed on various coals to establish and select feed with best available yield

= Centralized beneficiation plant

No economy of scale for modular beneficiation plant at every DICE CRCC plant
Centralized beneficiation plant maximizes capital and labor effectiveness
Need to consider product stability at delivery (slurrying process on-site?)

= Coordination with DICE OEM

Need to work in close coordination with DICE developer

Ash content, sulfur content, rheology, among other properties, need to be established between DICE and coal
beneficiation developers

Intend to develop this coordination under DOE CoalFIRST Critical Components development program
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Non-Commercial Component Development

Development Needs and Work Plan

Details are provided in the report from coal beneficiation OEM Sedgman

Feed coal analysis and selection
Coal grain analysis

Crushing and grinding test work

Flotation tests

Thickening and dewatering tests
Rheology characterization

Pilot plant operation

O Nexanr
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Project Financing

O Nexanr

Project financing assumptions for DICE-GT CRCC (Project) include TRL, equity,
debt, and grants for pilot plant and a next-of-a-kind (NoaK) commercial plant

Key Project Pilot NoaK' Commercial Commentary
Finance Parameter Plant Operation Plant
Technology Readiness 5t06 9 TRL assumes pilot project will be pre-demonstration phase and

Level (TRL) 2

Type of Project Financing

Debt : Equity Ratio (DER)

Equity Sources

Debt Sources

Grants Sources

Not Applicable

Not Applicable

Venture Capital, Risk
Capital, Project
Sponsors, and

Developers

Not Applicable

Federal Government
State Government
Non-Profits

Limited Recourse or Non-

Recourse

60:400r1.5:1
70:300r2.33: 1

Private Equity, Project
Sponsors and Developers

EPC and O&M
Contractors

Federal Government Loan

Guarantee and
syndication by
Commercial Banks

Not Applicable

beyond bench-scale unit
TRL for NoaK assumes advanced commercialization of
technology and market ready for deployment

Limited recourse wherein NoaK project assets are mortgaged or
hypothecated or collateralized to lenders

Non-recourse wherein NoaK project’s EBITDA and cash flows
provide debt service coverage (DSC) over entire duration of
repayment of loans and supported by bankable offtake
agreements

Typical values are shown. Lower DER s for first 1 to 3 plants
May vary depending on lenders requirements

Assumes equity investment is made into special purpose Project
Company specifically set-up for the Project
Equity sources execute Shareholders Agreement with SPC

Pilot plant assumes no debt financing but only equity and grants
NoaK commercial plant debt financed based on limited recourse
or non-recourse financing. Debt is senior debt, subordinate debt,
and working capital

Grants (e.g. R&D grants and project grants) assumed for pilot
plant since technology is in pre-commercial stage

Grants not applicable for NoaK plant which is an advanced
commercialized stage

Notes:

1. Next-of-a-kind (NoaK) commercial operation of modular coal plant
2. TRLs defined based on USDOE's Technology Readiness Assessment Guide
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Project financing parameters for both pilot and NoaK plant include fiscal/
financial incentives, economic/financial analysis, contracts, and key norms

Key Project
Finance Parameter

Pilot
Plant

NoaK'! Commercial
Operation Plant

Commentary

Fiscal and Financial
Incentives

Elements of economic
modeling and financial
proforma analysis

Requirements for
transaction contracts

Likely project financing
norms

Subsides via grants,
income tax credits
(ITCs), accelerated
depreciation, carbon
credits (CO,)

Capex, Opex, Total
Installed Cost,
Levelized Cost of
Electricity (LCOE)

Technology license
agreement (if req’d.),
EPC and O&M
Contract

Not applicable

Loan guarantees, income
tax credits (ITCs),
accelerated depreciation,
carbon credits (CO,)

Same as Pilot Plant plus
projections over economic
life along with financial
profitability indicators

Same as Pilot Plant plus
fuel supply agreement
(FSA) and power
purchase agreement
(PPA), agreement for
purchase of carbon (CO,)
credits

NPV (subject to prevailing
interest rates), RROE of
8-10 percent, IRR of 10-
12 percent, DSCR of 1.5
to 2.0, Payback period of

5-10 years

At federal level and possibly at state level
Both pilot and NoaK plants need to consider potential changes
in regulatory framework, policy, and directives

NoaK plant must also consider power tariffs, electricity merit-
order dispatch scenarios, lifecycle assessment (LCA), and cost
insurance, variable//fixed Opex, and working capital margin
NoaK plant must include payback period, internal rate of return
(IRR), rate of return on equity (RROE), net present value (NPV)
and debt service coverage ratio (DSCR)

Pilot plant and NoaK plant’s EPC contract must consider “wrap’
to cover warranties and guarantees

NoaK plant’'s O&M contact must consider long-term service
agreement (LTSA)

NoaK plant contracts and agreements must be “bankable” with
provisions for back-to-back arrangements to mitigate
counterparty risks and downside risks

Project financing norms based on financial proforma analysis
over NoaK plant economic life and subject to sponsors and
lenders criteria

Project financing norms subject to conducting a sensitivity and
scenario analysis with respect to schedule delays, cost overruns,
changes in interest rates with impact on IRR, RROE, DSCR, and
payback period
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Project Financing "1 Naanr

For the pilot project for DICE CRCC, key technology investing stages and
funding gaps cover basic R&D, applied R&D, and demonstration activities

The traditional funding and investment stages of progression of energy technology and
and investments, including funding sources, development processes and activities:

Next-of-a-kind
Pilot Plant Commercial Operation Plant

Technolo Technolo :
oy 9y :Manufacturlng

Commercialization

Process

|
|
|
Research Development | (roll-out/project finance) |1
|
. I .
» Basic Applied " Market ! Commercial |
A0 R&D R&D Demonstration I DevelopmenI Diffusion I
j |
Funding Resource S Venture Capital Privz:ate Equit :
J Grants P | quity I
| . |
| e e e e e e e e e e e e e e === - Il e e e e =
Grants and Equity (venture/risk capital) Equity and Debt

Risk profile is reduced
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Project Financing "1 Naanr

Any technology investing and funding gaps must be avoided for pilot project as
well as pre-commercialization stages in order for success of DICE CRCC

It is important to overcome any potential funding gaps which may arise for the pilot

project during the applied R&D phase and post-demonstration phase (prior to advanced
Commercialization®). Next-of-a-kind
Pilot Plant Commercial Operation Plant

Technology Technology , Commercialization

Process

:Manufacturing

I
I
I
Research Development | (roll-out/project finance) |
I
w Basic Applied : Market ! Commercial |
Activity R&D R&D Demonstration Development: Diffusion :
I
Technology I . I
Funding Resource Eio: Valley of Ventyre 1 - Private Equity |
Grants Death Capital |EEVEIENREMEE :
| |
Grants and Equity (venture/risk capital) Equity and Debt

Risk profile is reduced

* “Debt-Equity Gap” as capital requirements for commercializing energy technologies is beyond the risk tolerance and timelines of most existing debt and equity markets.
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Project Financing "1 Naanr

Definitive O&M experience feedback from DICE CRCC pilot plant can identify,
quantify, and mitigate risks for implementing NoAK commercial plant

Modify, Upgrade, Retrofit, Revamp, and Repair

r T
= Lessons learned via O&M

DICE CRCC [ O&M Experience - veriy, valdate, and crify
: L = Design, performance, and
Pilot Plant open punch list items Feedback omissions

. Commissioning

. Operate and maintain : ﬁssslze’tg;egxtgtzanagement
(C&M) = Compliance to standards
= Finalize “as built” design,

Technical and commercial performance, emissions,
risk profile identified Capex, Opex, LCOE, and
quantified, reduced, other cost metrics
and mitigated

=

Project - Ensure all O&M experience and feedback incorporated during project development
Sponsors [k During feasibility and permitting phase, emphasis on “bankability” of design,

performance, emissions, and cost metrics

Project . Conduct detailed technical and commercial due diligence — emphasis on “bankability”
Lenders . Emphasis on technical and commercial risks and mitigation analysis — focus on Project
counter-party and downside risks along with EPC and O&M “wraps” and insurance
Othersin g Al other stakeholders focus on TRL 9 for all components while ensuring reliability,
Project availability, and maintainability (RAM) of all equipment, and systems
— . OEMs, EPC, and O&M contractors incorporate all design, performance, emissions, and

cost metrics as part of specifications and contracts
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Project Financing "1 Naanr

Next-of-a-kind (NoaK) commercial modular plant for DICE CRCC would most
likely attract limited recourse flnancmg initially for the first 1 to 3 plants

Full-Recourse Financing | Limited Recourse Financing : Non-Recourse Financing
T - -
Project Equity Project Equity —— e Equity —
Sponsors Funding o sponsors Funding . =all i Sponsors Funding | ¥ S—

Debt
Funding &
Repayment

Repayment

Limited Debt
Support (eg. Funding &

contingent Repayment
equity in-place)

l
l

' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |
' |

= Repayment of loans directly
related to the success of the
project, with limited support
from the project sponsors

= Repayment of loans solely
dependent on the success of
the project

= Repayment of loan fully
guaranteed project sponsors
(total balance sheet exposure)

Most Likely
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Project Financing "1 Naanr

Project financing structure consists of key stakeholders* covering debt, equity,
risk guarantors, EPC and O&M contractors along with bankable contracts

Bond
Loan Investors Bank Sponsor Sponsor Sponsor
Guarantees Syndicate A B C
N\ I

LIMITED \ I /

RECOURSE
: areholder = HeltEIE:al0e)s
Inter-creditor
Agreement Agreement
Power
and Fuel

Pro'ect Offtake and
Supply j By-product
Contracts Com pa ny Agreements

Raw Material

Technology
Operating & License (|f

Maintenance Construction b
e Contract (EPC Eggftgip t
Contract)
*includes insurance providers

Advisors

= Legal
Financial
Technical
consultants

Environmental
consultants
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Financing norms include three main phases for NoaK DICE CRCC plant which
cover pre-, during, and post-financing stages including financial closure

~N
* Project identification
* Risk identification, minimization, and mitigation
SCAUEUENEY « Technical and financial feasibility
Stage y
« Equity arrangement R
* Negotiation and syndication
Financing [ Commitments and documentation
Stage » Disbursement y
~N

Monitoring and review
Financial closure / project closure
Repayments & subsequent monitoring

Post
Financing
Stage A
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Structuring of project financing for DICE CRCC’s NoaK plant with total

O Nexanr

overnight cost of $541 million is based on a Debt : Equity Ratio of 60:40 or 1.5:1

An example of structuring of the project
financing is provided based on the Cost
Report dated February 15, 2020,. Key
assumptions are:

DICE GT-RCCC Project Capacity: 77 MW
Total Overnight Cost (TOC): $541 million
Debt : Equity Ratio: 60 : 40 or 1.5 : 1
Debt: $324.60 Million

— Senior and subordinate debt

— Sources: US Government loan guarantee and

lenders (financial institutions, investment banks,

and commercial banks)
Equity: $216.40 Million

— Common and preferred stock

— Sources: Project sponsors, developers, private
equity (PE) firms, OEMs, EPC and O&M
contractors

Grants: Non assumed since this is not at
pilot stage

$ million and percentage
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O Nexanr

The three stages of project financing for pilot plant and NoaK plant must
identify, minimize, and mitigate project risks, external risks, and financing risks

Project financing risks can be divided into 3 key categories which must be considered
in order to meet Lender’s comfort for the syndication of entire debt for the project:

Project Risks

« Site Selection
* Permitting

e Construction and
Completion

e Cost Overruns

« Technology

* Operating

« Sponsor/Developer

External Risks

Financing Risks

Environmental * Floating Interest

Infrastructure Rates (currently very
Political and low) |
Regulatory « FX Rate on imported

technology and

Framework, Policy, _
equipment

and Directives
Inflation
Demand and Market
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Site Selection "1 Naanr

DICE plant description consists of 4 main processing blocks - coal
beneficiation, power block, post combustion capture, and utilities and off-sites

DICE plant will consist of the following processing blocks:

Coal Beneficiation Plant

Power Block

Post Combustion Capture (PCC) Block
Utilities and Off-sites

= The coal beneficiation plant receives coal from the mine and processes it into a refined,
micronized coal-water slurry which is transported to the DICE engines

= The power block consists of the DICE generators, gas expander generator, Heat Recovery
Steam Generator (HRSG), steam turbine generator and direct contact cooler

= The cooled exhaust gas is ducted to the PCC unit which produces supercritical carbon
dioxide at a pressure of ~2,250 psig for routing to the end user via pipeline

= A waste slurry stream is produced by the coal beneficiation plant which is disposed off-site
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DICE CRCC layout is modular in design, highly integrated with key systems,
sub-systems, equipment, components, and auxiliaries
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Site Selection "1 Naanr
Key site selection criteria is based on process requirements - availability of
land, CO, storage, access to water, logistics, power interconnection, and others

» Key criteria for site selection are driven by the process requirements including:
Availability of adequate land suitable for proposed facilities
Access to sufficient volumes of water for cooling tower makeup

Proximity to carbon dioxide storage location or end user, alternatively proximity to an existing carbon dioxide
pipeline which has spare capacity to transport the produced carbon dioxide

Proximity to rail or ocean/river ports for transport of coal or proximity to an existing coal fired plant which is willing
to allow sharing of unit coal trains or ocean/river ports for transport of heavy equipment

Distance from power grid for inter-connection

Site should not be located in a non-attainment area for air pollution standards
Proximity to rail

These criteria are elaborated in the following slides.
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Availability of suitable land is dependent upon specific pre-requisites, design
criteria which will enable proper development, execution, and operations

= Availability of suitable land

Land should be reasonably flat and not prone to landslides

Land should not be located in 100 year floodplain or on wetlands

The land should not be in a high seismic zone prone to frequent earthquakes

Proposed site should have satisfactory geological and hydrological characteristics

The proposed site should not be located in areas of historical, religious or cultural importance

The proposed site should not be too close to urban areas or areas where population may grow rapidly
The proposed site should not be in proximity to existing hazardous areas or facilities

The proposed site should allow disposal of waste streams from the facility (coal beneficiation waste tailings, fly-
ash, process wastes, waste water, etc.)

In the event that limited supply of makeup water is available, account for additional land for installing Air Cooled
Condensers (ACC) and Zero Liquid Discharge (ZLD) systems
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Availability of adequate water with proper quality, sufficient volumes, proximity,
backup sources, and proper discharge are key to project development

= Access to adequate water
Availability of water supply of reasonable quality and sufficient volume for cooling tower and cooling water
makeup, coal slurry preparation, and other consumptive uses

Source of water should not be too distant from the potential site and the route should not entail significant
physical or legal obstacles

Allowance should be made for backup/emergency source of water
Site should have provision for discharge of waste water streams
In the event that limited supply of makeup water is available, consider optional use ACC and ZLD systems
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Carbon dioxide, heavy equipment, and coal transport must be addressed as
part of project execution plan focusing on proximity, easy access, and transport

= Proximity to carbon dioxide storage location or end user

Site should not be too distant from where the carbon dioxide will be used or stored, or near an existing carbon
dioxide pipeline that can take the additional carbon dioxide produced by the facility.

Pipe route should not present significant physical or legal obstacles

If the gas is to be stored in a saline reservoir, conditions in the reservoir need to be considered during site
selection

= Proximity to rail or ocean/river ports for transport of heavy equipment, coal, etc.

Proposed site should allow for transport of heavy and large pieces of equipment by river and/or ocean freight
Adequate facilities should be available to trans-ship equipment by rail and/or truck, as required

Proposed site should have rail or road access for transporting coal from the mine and should be located a
reasonable distance from the mine
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Distance from nearest power grid is key for interconnection and evacuation,
and site should address non-attainment areas for air pollution standards

= Distance from power grid for inter-connection

Proposed site should be within a reasonable distance from the power grid for evacuation of power
The transmission line route should not present significant physical, technical or legal obstacles

= Site should not be located in a non-attainment area for air pollution standards

Proposed site should not be located in areas designated as non-attainment for pollutants
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Unique requirements for selection of first DICE plant cover preferable location
in US Gulf Coast, proximity to PRB coal and CO, storage, and other key areas

= Preferable location shall:

Be close to the US Gulf Coast for ease of transportation of large modules and equipment, including trans-
shipment via barge

Be close to an existing coal fired plant that uses PRB coal

Locate near an end user/storage location for the produced carbon dioxide or to an existing carbon dioxide
pipeline with enough spare capacity to handle the additional output from the DICE plant

Provide potential users who can receive the tailings from the coal beneficiation plant and use them productively

= US Gulf Coast as DICE CRCC plant location of choice:
The US Gulf coast has several power plants that use or used PRB coal and get regular shipments from the
mines by rail and/or barge. The Big Cajun power plant located in Louisiana is one example of such a facility.

In addition, there is an existing carbon dioxide pipeline (Denbury pipeline) located not too far from the Big Cajun

power plant that transports CO, to customers and points of use that could potentially be used for transporting the
carbon dioxide capture in the DICE plant

With regards to the use of the tailings from the coal beneficiation process, the potential use will need to be
explored and users will need to be developed as part of the next phase of the Project
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Coal Beneficiation Plant

= Sedgman is able to perform design, supply, fabrication, delivery, construction and
commissioning of the coal beneficiation plant

» Technologies of note that require further test work and validation
Flotation cells: Sedgman C-Cells
Fine Grinding Mill: FLSmidth (VXPMill); Outotec (HIG Mill); Glencore Technology (IsaMill)

» For CoalFIRST Critical Component development, plan to partner with Virginia Tech (Prof
Roe-Hoan Yoon) to develop and test beneficiation process on variety of coals, including

PRB, Eastern coals, and coal fines

Convert low-rank PRB coal from hydrophilic to hydrophobic
Electrochemical treatment to remove mineral matter
Convert mineral matter to fertilizer
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DICE

= Reaching out to major engine OEMs (Wartsila, MAN) did not bear fruit

“Coal slurry is a cheap fuel that is locally available in the world. There are investigations, in accordance with
MAN ES’ own experience on that matter, showing that this fuel is very abrasive. First tests on our engines and
evaluations from our experts have shown, that it causes high war in the engine and its subsystems like the Fuel
Injection Equipment. Additionally it has to be ignited by an additional pilot fuel (e.g. DMA) by using a high
pressure injection system. This would result in a new engine and fuel injection equipment concept, with
significant efforts for MAN Energy Solutions to handle this fuel. The current strategy of MAN Energy Solutions
does not foresee a development in this direction”

[Wartsila has] a record of developing recip engines to burn some pretty challenging fuels, such as Orimulsion.
But aligning ourselves to explore coal combustion is at odds with our corporate identity of supporting carbon
reduction and high renewable systems...[Wartsila is] currently investing in alternative fuel R&D, but more aligned
with renewable and carbon-neutral, which fit into a “net zero” paradigm”

= “Piggyback” on existing work by CSIRO

CSIRO has a long history in DICE development
Currently working with Yancoal and Chinese engine developer (Zichai)
Progress is delayed by the COVID-19 crisis

» For CoalFIRST Critical Component development, plan to partner with CSIRO to further
develop DICE fuel injector and cylinders and conduct series of tests for coal-fired engines
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Recent CSIRO work on DICE

= Arecent study with the Australian Coal Industry and MAN involving a MAN-LGI system modified for
MRC by the CSIRO. Tests involved passing nearly 50 tonnes of MRC through the 600 bar injector on
a spray bench. Terminated due to disagreements between MAN and the coal industry on engine
development, the coal industry’s concern over the potential competition with supercritical PC with
PCC, and MAN's focus on next-generation engines for ammonia and hydrogen fuels.

= Arecent study with Maersk and WING&D on the use of MRC for deepwater marine. CSIRO designed
the injectors and fuel system for a 10 MW 4-cylinder engine which was successfully trialed in
Switzerland showing excellent combustion results. Terminated due to the IMO’s new regulations on
the decarbonization of shipping by 2050.

= Use of biomass in DICE to halve the cost and double the benefit of biomass for electricity generation.
Includes triple bottom line studies using saltbush (animal feed, fuel and soil carbon).

= Production of high quality MRC fuel from a wide range of coals - Australian (bituminous, sub-
bituminous, brown), German, Indonesian (hydrothermally treated), and Venezuelan.
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Permitting for DICE requires prompt action from site selection, emissions
estimates, meeting state requirements and timelines, and pre-/post-approval

The permitting process should be initiated as soon as a site has been selected for the
DICE power plant and the scale of the plant is established

Initial estimates of plant capacity and emissions of regulated pollutants (based on
manufacturers data) should be tested against applicable thresholds to determine
application requirements

Permit requirements vary by state and within states as well based on whether an area is
classified as attainment or non-attainment

For planning purposes it may be prudent to allow 12 to 18 months for obtaining the air
permit

Most states have specific guidelines and instructions for preparation of the air permit
application

In general the types of documents required to be submitted with the application include site
plans and facility design documents in sufficient detail to establish location, scale, and
relationships, horizontally and vertically, to and between adjacent properties
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Permitting must address physical locations, equipment emissions, plant load
data, air quality impact, EPA’s NSR program, and other specific documentation

Stack and building heights and locations are established in these documents

Equipment manufacturer’s emissions data are required. This information may be
representative as actual equipment sources may not be known at this stage of the project

Estimated plant load data — both peak and annual — should be calculated

Determine potential emissions by applying the above factors and assuming that all new
capacity operates at full rated load for 24 hours per day, 365 days per year

Air Quality Impact Assessment may be required depending on the scale of the project

The EPA's New Source Review (NSR) permitting program will apply, it's goal is to maintain
air quality when major new sources of emissions are built

NSR requirements may fall under one of the following categories:

Prevention of Significant Deterioration (PSD) permits are required for new sources in areas which meet the
National Ambient Air Quality Standards (NAAQS)

Nonattainment NSR permits are required for major new sources in areas that do not meet NAAQS
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DICE permitting must include BACT, LAER, SIPs, regulated GHG emissions,
Title V, onsite record keeping, and key certification of compliance requirements

= Under the PSD permit new plants are required to include Best Available Control
Technology (BACT)

= Non attainment areas require application of Lowest Achievable Emission Rate (LAER)
technology, in addition to emission offsets and public involvement

= State Implementation Plans (SIP’s): Most states have developed SIP’s under a mandate
by the EPA to issue air permits, while the EPA maintains general oversight

» Regulated emissions include NOx, SOx, mercury, VOCs and particulate matter, among
others

= When the plant reaches the operational phase a Title V permit is required as a means to
provide a database for monitoring and enforcement

= Title V applications require as a minimum, a means of reporting air emissions either by
CEMS or other means

= Onsite record keeping of relevant data

= Certification of compliance with applicable emission limitations
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Indicative list of permits required cover a wide range of federal, state, and local
requirements including US Army Corps of Engineers, and other documentation

= Indicative list of other permits required for power plant projects include wetlands permit,
water withdrawal permit, waste water discharge permit, natural heritage program permit,
certificate of public convenience and necessity, traffic plan consultations and agreements,
parks and recreation historic preservation, storm water control permits, no hazard to
aviation permit, threatened and endangered species consultation, local jurisdiction permits,
US Army Corps of Engineers permits, state permits, noise permit, and others as
applicable

= An environmental commitments matrix is developed during the project phase to track
regulatory based design requirements. That document should tabulate the requirements
from the various permits as well as action items, action owner and status

= |n addition to the permits described above, there may be others required for construction of
power plants that are issued by local and state agencies. Those permits would need to be
obtained before start of construction
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Detailed design of project concept of process/power units requires proper
planning, execution, and coordination with OEMs and lead EPC contractor

= Correct execution of the detailed design phase of the project is critical to ensure project
success

» The detailed design of the plant will entail engineering of the following process/power units,
carried out by different entities and coordinated by the lead EPC contractor:

Coal beneficiation plant

DICE CRCC power plant including as expander generator, heat recovery steam generator and steam turbine
generator

Carbon capture and compression plant

» The detailed design of the plant will entail engineering of the following process/power units,
carried out by different entities and coordinated by the lead EPC contractor:

Execution strategy, plan and schedule

Focus areas based on the overall project schedule

Delineation of work performed by various groups during the detailed design phase
Staffing forecasts and implementation

Major engineering risks and mitigation

Detailed design execution budget and performance

Each of the above tasks is discussed in detail in the following slides.
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Detailed design execution strategy must be goal driven covering scope and
schedule, coordination, 3D models, risk management, and schedule tracking

» Detailed Design Execution strategy has the following goals:
The contract will determine the scope and schedule of detailed design engineering
Detailed design will be performed in accordance with the contract
Develop quality engineering design that minimizes re-work

Coordinate detailed design with construction, startup, and overall project schedules for optimizing overall project
duration

Ensure physical design coordination by developing a 3D model to eliminate interferences and ensure operability
and access for maintenance

Manage risks associated with detailed design development

Control design interfaces with equipment suppliers and sub-contractors
Implement a management of change process

Engage, challenge and grow engineer’s skill in the detailed design process
Track key metrics to ensure quality, budget, cost and safety compliance

Detailed design to account for sustainability and energy efficiency
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Overall project schedule must address task sequencing, impacts, procurement,
construction, coordination interfaces, staffing, and design of physical plant

= Focus areas based on the overall project schedule

Engineering provides input to Project schedule accounting for construction sequencing, weather related impacts
and project turnover and completion dates

Project procurement, construction and startup schedules shall drive detailed design execution
Develop detailed design plans to cover major systems and equipment
Coordinate design interfaces with vendors and sub-contractors to ensure a functional and efficient power plant

Identify and manage critical interfaces between the power and coal beneficiation and carbon capture blocks, and
coordinate with the entities responsible for their detailed design

Develop staffing plans based on project schedule

Initial design activities are geared to design of earthworks, foundations and underground structures, underground
piping and ducts, grounding and storm water systems
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Design phase must cover work execution by groups, coordination, implement
design guidelines, staffing forecasts, deliverables, and critical-path milestones

= Delineation of work performed by various groups during the detailed design phase

Coordinate schedule and interfaces between the entities designing the coal beneficiation, power plant
and carbon capture blocks

Develop and implement design guidelines and engineering procedures

Set up a design organization that will carry out detailed design and interface with vendors and
contractors who will be responsible for certain aspects of the design

|[dentify electronic tools to be used for detailed design for all aspects and disciplines
» Staffing forecasts and implementation
Develop organization chart and staffing levels for all teams working on the three blocks of the project
Establish division of responsibilities for the detailed design teams
Each team will have their own teams and deliverables that support the overall project schedule
The lead EPC contractor will be responsible for overall schedule and internal coordination

Initiate regular meetings to track status and resolve issues that may impact design progress
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Major risks must be identified and mitigated measures implemented along with
focus on project execution, budgets, regular tracking, and performance metrics

= Major engineering risks and mitigation

Develop a detailed design risk register at the beginning of the project to identify risks and potential
strategies for their mitigation

Risks to include those related to all parts of the project including coal beneficiation, power block and
carbon capture and compression units

Risks can be associated with first-of-a-kind equipment, integrated functionality and control, and
performance guarantees

Include risks associated with unique manufacturers supplying specialized equipment
» Detailed design execution budget and performance

Set up detailed design budgets, deliverables and schedule for design deliverables for each discipline for
each of three entities designing the coal beneficiation plant, power plant, and carbon capture plant

Track progress by each discipline to ensure project stays on track for timely completion

Establish plans to mitigate and minimize schedule slippage by adding resources as appropriate, in a
timely manner

Ensure motivation of the design team by holding team building activities and providing incentives for
innovative design and execution that improves quality and reduces cost

322



SEDGMAN

DICE GT-CRCC Pre-FEED

Study Report

O Nexanr

Document No.: A917-D01-02054-0001 - LR/Ir
Revision: 1

.. A MEMBER OF THE CIMIC GROUP
Sedgman Canada Limited |
Registration number: A0088793 ﬁg C I M I C

323



Revision Status

MWI/LR Issued for Use 19-Mar-2020 | LR
1 MWI/LR Added sections 4.3, 10.1.1, 10.2 and 10.3 30-Apr-2020 | LR
Distribution
Nexant Haoren Lu 19-Mar-2020
Nexant Haoren Lu 1 30-Apr-2020
Vancouver Postal Address
Unit 1630 PO Box 26 +1 604 428 8200
505 Burrard St 505 Burrard Street mail@sedgman.com
Vancouver BC V7X 1M6 Vancouver BC V7X 1M6 www.sedgman.com
CANADA

Copyright Notice
Sedgman © 2020

This Document is copyright. Other than for the purposes and subject to the conditions prescribed under the Copyright Act 1968 (Commonwealth), no part of it may in any form or by any means
(electronic, mechanical, micro-copying, photocopying, recording or otherwise) be reproduced, stored in a retrieval system or transmitted without prior written permission.
324



Table of Contents

Executive Summary

1 Introduction
1.1 MRC Definition
1.2 Report Outline
2 Concept Definition
2.1 Processing at Coarser Sizing
Design Criteria
4 Mass and Energy Balance
4.1 Mass Balance
4.2 Energy Calculations
4.3 Moisture Assumptions
5 Flowsheet Development
51 Assumptions
5.2 First Stage Size Reduction
5.3 Secondary Size Reduction
54 Primary Grinding Classification
55 Fine Grinding
5.6 Fine Grinding Classification
5.7 Ash Removal
5.8 Dewatering
5.9 Slurry Preparation
5.10  Tailings Handling
5.11 Flowsheet Selection
6 Plant Description
6.1 General
6.2 Feed Coal Receival and Handling
6.2.1 Dump Hopper & Surge Bin
6.2.2 Ball Mill Station
6.3 Process Plant
6.3.1  Process Plant Buildings
6.3.2  Grinding Cyclones
6.3.3  Grinding
6.3.4  Flotation Circuit
6.3.5  Dewatering
6.3.6  Product Slurry Preparation
6.4 Sampling and Quality Control
6.4.1 Plant Feed
6.4.2  Product Coal
6.4.3  Tailings
6.5 Water Services
6.5.1  Fire, Washdown & Dust Suppression Systems
6.5.2  Fire Protection System
6.5.3  Fire Protection System Design Criteria
6.5.4  Washdown Water
6.5.5  Dust Suppression
6.5.6  Gland Water System
6.6 Air Services
6.7 Reagents
6.8 Electrical Description

6.8.1 Power Reticulation

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001

© © © 00O oo, Ul A W NMNDNDN B

e el i el < < i
g oo wiNNREkLR OO

2o
o o

=
o 0o ~

NNN R PR R
RWwr oowoo

NN DODRONNNRNNNNN NDMNNOMNDN
O OO0 o0 Uu Ul gg gl

NN
~N O

Page iii
325



7 Scope of Works
7.1 Earthworks
7.2 Civil Concrete
7.3 Structural/Mechanical
7.4 Process Piping
7.5 Electrical Battery
7.6 Communications and Data Management
7.7 Tailings
7.8 Water
7.9 Compressed Air
7.10 Sewage
8 Capital Cost Estimate
8.1 Capital Estimate
8.2 Estimate Qualifications and Exclusions
8.3 Basis of Estimate
8.3.1  Direct Costs
8.3.2  Material Rates
8.3.3  Project Cost
9 Operating Cost Estimate
9.1 Battery Limits
9.2 Basis of Estimate
9.2.1  Labour
9.2.2  Consumables
9.2.3  Maintenance
9.24  Power
9.2.5 Mobile Equipment
9.3 Estimate Exclusions
9.4 Operating Cost Estimate Summary
10 Opportunities
10.1  Feed Coal Selection
10.1.1 Assessment of Energy Content of Bituminous Coal
10.2  Flotation Top Size
10.3  Pre-scalping low ash feedstock using conventional coal preparation technology
10.4  Technology Selection
10.5 Location
11 Future Work Plan
11.1  Feed Coal Analysis
11.2  Coal Grain Analysis
11.3  Crushing and Grinding Test Work
11.4  Flotation Tests
11.5  Thickening and Dewatering Tests
11.6  Rheology Characterization
11.7  Pilot Plant Operation
12 References
Appendices
Appendix A
Flowsheet

6.8.2 Electrical Switchrooms

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001

27

28
28
28
28
29
29
30
30
30
31
31

32
32
33
33
33
33
34
35
35

35
35
36
36
37
37

38
38

40

40
40

42

44
45

46
46
46
46
46
a7
a7
47

48

Page iv
326



Appendix B
Layout Diagrams

Appendix C
Equipment List

Appendix D
General Design Basis for Coal Beneficiation

List of Tables

Table 3-1 Key Design Parameters

Table 4-1 Ultimate analysis calculations for Feed, Product and Reject streams
Table 4-2 Energy estimates of Feed, Product and Rejects using Dulong Equation
Table 4-3 Energy estimates of 55% coal solids slurry compared with Product Coal.
Table 5-1 Design and concept development assumptions

Table 5-2 Dewatering Technology Comparison

Table 8-1 Capital cost summary (USD)

Table 8-2 Categories of direct costs

Table 8-3 Mechanical equipment direct procurement costs by area

Table 9-1 Operating Labour Assumptions

Table 9-2 Consumables Usage and Cost Rates

Table 9-3 Plant Maintenance Cost Assumptions

Table 9-4 Plant power costs

Table 9-5: Mobile Equipment Assumptions

Table 9-6: Plant Operating Cost Estimate

Table 10-1 Ultimate Analysis of 2% ash (db) of Bituminous feed versus Sub-bituminous feed
Table 10-2 Comparative Energies for Bituminous versus Sub-bituminous Coals
Table 10-3 Comparative Energies for Bituminous versus Sub-bituminous Coals in slurry form
Table 10-4 Estimates of Slurry and Feed stock quantities

Table 10-5 Limn Simulation Results of Scalping / Thermal Coal Preparation Plant

List of Figures
Figure 1-1 Typical MRC slurry

Figure 2-1 Finely disseminated ash particles requiring fine grinding to liberate (after O’Brien et. al.,

2011)

© 00 N o O

14
32
32
32
35
36
37
37
37
38
40
41
41
41
44

Figure 2-2 Large section ash content requiring coarse crushing/ grinding to liberate (after O’Brien et.

al., 2011)
Figure 5-1 Typical hammer mill installation
Figure 5-2 Typical Ball Mill Installation
Figure 5-3 Typical VXPmill Installation
Figure 5-4 Typical Solidbow! Centrifuge Installation
Figure 5-5 Typical Thickener Installation
Figure 6-1 Overall plant view from the feed end.
Figure 6-2 Overall plant view from the thickener side.
Figure 6-3 Simplified Process Block Diagram
Figure 6-4 Raw Coal Handling Diagram
Figure 6-5 Typical dump hopper arrangement with FEL feed
Figure 6-6 Ball Mill Grinding Circuit
Figure 6-7 Simplified Grinding Mill Circuit Diagram
Figure 6-8 Grinding Plant Overhead View

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001

10
10
11
14
14
16
16
17
17
18
19
20
20

Page v
327



Figure 6-9 Grinding Plant Side View (outer building not shown) 21

Figure 6-10 Simplified Flotation and Dewatering Circuit Diagram 22
Figure 6-11 Flotation Plant Overhead View 22
Figure 6-12 Flotation Plant Side View 23
Figure 6-13 Dewatering/ Slurry Prep Plant Overhead View 24
Figure 6-14 Dewatering/ Slurry Prep Plant Side View 24
Figure 10-1 Effect of particle topsize on flotation yield and concentrate ash 42
Figure 10-2 Notional Flowsheet for Thermal Coal Preparation Plant with pre-scalping of low ash

product for each circuit for DICE feedstock 43

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001 Page vi
328



Nomenclature

Key Terms, Symbols and Abbreviations

The following terms and abbreviations are used:

(as)

(ad)
(an
(d)
(db)
CAPEX
ccTv
CHP
CHPP
cPP
CSN
CSR
cv
D&C
DMC
EA
EIS
EOI
EPCM

FS
GST
HazAn
HazID
HazOp
HGI
HHV
JSA
JSO

kt

As sampled (equivalent to “as mined” or “as
received”)

Air dry

As received

Dry

Dry basis

Capital expenditure

Closed circuit television

Coal handling plant

Coal handling and preparation plant
Coal preparation plant
Crucible swelling number
Coke strength after reaction
Calorific Value

Design and construct

Dense medium cyclone
Environmental assessment
Environmental impact study
Expression of interest
Engineering, procurement and construction
management

Feasibility study

Goods and services tax
Hazard analysis

Hazard identification study
Hazard and operability study
Hardgrove Grindability Index
Higher Heating Value

Job safety analysis

Job safety observation
thousand tonnes
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kg/m?®
LD
LHV
Limn
LOM
MCC
Mt
Mt/a
NPV
OPEX
PDS
PFS
PLC

ROM
RX
SCADA
SE
SOP
TBS
t/h
TLO
™
Ucs
UDL
WAP
WBS
ww
wt/wt%

Kilograms per cubic metre

Large diameter

Lower Heating Value
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Reflux classifier
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Specific energy

Standard operating procedure

Teetered bed separator
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Total Moisture

Ultimate compressive strength

Ultimate distributed load

Work area pack

Work breakdown structure

RD Relative
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Executive Summary

Sedgman have completed a Pre-FEED study on a coal beneficiation facility to produce Micronised
Refined Carbon (MRC) as part of an overall Direct Injection Carbon Engine (DICE) Gas Turbine-
Compound Reheat Combined Cycle (GT-CRCC) Facility for Nexant. The aim of the study was to develop
a plant design with concept level (£30) capital and operating cost estimates. The key criteria for the MRC
plant was to produce 385,000 metric tonnes per annum of MRC slurry at 55% solids (w/w) with no more
than 2% ash (ad) over a 10 year life operating at 7,400 hours per annum.

The beneficiation process, capital and operation cost estimate have been developed based on
Sedgman’s experience and assumptions in collaboration with Nexant. The flowsheet development phase
resulted in an overall process design which finely grinds the coal then physically removes the ash
component of the feed coal. The flowsheet includes the following, conventional key unit operations:

Unit Operation Equipment

First Stage Size Reduction Hammer mill

Second Stage Size Reduction Ball mill

Fine Grinding Vertical regrind mill

Ash Removal Two (2) stage (rougher/cleaner) froth flotation

Product and Tailings Dewatering High-rate thickeners with solid bowl centrifuge for product dewatering
Product Slurry Storage Baffled, agitated tanks

Utilizing this flowsheet up to 740,000 t/a of coal would be fed to the MRC plant to achieve the final slurry
product output.

The overall capital cost for this facility is estimated at USD62.3M, +30 %. The largest component of this is
the grinding area that consists of the ball and vertical mills and associated classification circuit.

The operating cost estimate includes all labour, consumables, maintenance, power and mobile equipment
required to operate the plant. The operating cost estimate was USD16.81 per dry feed tonne, (USD33.63
per product slurry tonne). These costs are concept level at an accuracy of £30%.

The Nexant and Bechtel Power and Infrastructure Design Basis document specified the use of Powder
River Basin Coal as the basis for the beneficiation plant design. Based on the limited information
available our analysis shows that this coal type may not respond well to physical separation via froth
flotation thus we have used a low estimated combustibles recovery. As the chemical removal of ash from
such a low rank coal would render both the capital and operating costs uneconomical it is instead
recommended that alternate coal types more amenable to physical separation be explored as the basis of
the DICE GT-CCRCC process in addition to undertaking test work on Powder River Basin Coal.

Once the target coal or coals have been identified a number of laboratory based tests are required to
confirm equipment selection and sizing. Following this it is recommended that a pilot plant simulating the
major unit operations be constructed to better understand the overall flowsheet performance.
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1.1

1.2

Introduction

Nexant is currently investigating utilizing Micronized Refined Carbon (MRC) as a fuel for
Bechtel's coal-fired TC-RHT GTCC power plant concept. As part the investigation Nexant
engaged Sedgman to develop a concept process design for a full scale facility to provide a coal
beneficiation plant to produce MRC.

MRC Definition

MRC is ultrafine, refined carbon that is typically an ultra-low ash coal material mixed with water
to create slurry. It is a higher quality product compared to other, similar materials, that have
been investigated previously, such as Coal Water Fuels (CWF), which use unprocessed coal as
its feed source, resulting in high emissions and low efficiency. A typical MRC slurry is shown in,
Figure 1-1.

Figure 1-1 Typical MRC slurry

Report Outline

This study report looks at the requirements to produce an ultra-low ash, ultrafine product coal
slurry. The design has considered the required processing strategy based on feed type and the
parameters pertinent to each flowsheet unit operation. For the selected processing strategy, a
conceptual layout, plant description and estimate (capital and operating) has been developed.
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2 Concept Definition

In order to produce a consistent MRC product, the coal feed should meet the following
requirements:

e Low ash content

e Low sulphur (and other trace elements) content

e High calorific value.

To produce an ultra-low ash product, significant ash rejection is required. Much of the ash

content of ‘typical’ product coal is locked within the coal particles (i.e. is discrete from the coal),
and therefore cannot be removed in a conventional coal processing operation.

To remove this ash material, the solid particles need to be reduced in size to the point where
the ash particles are separate from the coal i.e. be liberated so that they can be removed using
conventional processing technologies for example flotation.

Figure 2-1 and Figure 2-2 show finely disseminated and large section ash content respectively
in coal particles. The coal in Figure 2-1 would require much finer grinding to liberate ash than
the coal in Figure 2-2.

1 - Coal : 76151

2 [ clay_Minerals : 11877
4 [l ovanz: 363

3 [ carbonates : 234

I 243 um
size: 1020826

— 200pm

Figure 2-1 Finely disseminated ash particles requiring fine grinding to liberate (after O’Brien et. al., 2011)

1 [l coal : 82931
2 [ Clay_Minerals : 26940
4 [l Quartz: 24

3 [ Carbonates : 1

1 2.43 um
size! 9917901

| E—— Z00pm

Figure 2-2 Large section ash content requiring coarse crushing/ grinding to liberate (after O’'Brien et. al.,
2011)

The particle size required to liberate enough ash to meet product specification is determined by
liberation analysis of the coal feed to the plant. This information was not available for this study.
In the absence of this data a target grind size of 100% passing 50um, and 80% passing 20um
was selected. These assumptions are inline with the findings of previous published DICEnet
work.
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2.1

Processing at Coarser Sizing

Depending on the coal type, liberation analysis may suggest a coarser grind size could be used,
which would allow for more efficient processing in conventional flotation circuits up to 200
micron topsize, or if coarser, say up to 0.5 mm, it would allow for the utilization of lower cost unit
operations for ash removal such as spirals and reflux classifiers. This will also result in lower
costs by decreasing the proportion of ash free coal that requires ultrafine grinding.

A universal principle of coal preparation is that the efficiency of processing decreases with
particle size. This occurs whether a range of particle sizes is being processed in the same
processing unit, or if the top size of the coal is such that the coal feed is processed in different
parallel processes, each of which are optimised for different size ranges.

If the recovery of product is to be maximised at target ash, a trade-off has to be made between

e reducing the top-size of the coal fed to the beneficiation process, which increases the
liberation of mineral matter (ash content) from the organic coal components, and

¢ increasing the top-size of the coal fed to the beneficiation process, which allows for improved
process efficiency.

The optimal topsize for a particular target ash will vary according to the particle size of the
mineral components embedded within the coal as described above in Figures 2-1 and 2-2, and
the natural breakage behaviour of the raw coal. In addition, if the interfaces between the
mineral particles and remaining organic material represent the weakest bonding planes within
the raw coal, liberation of the mineral matter will readily occur during the coal handling and
crushing stages, and the natural fines in the feed will already be largely liberated prior to finer
grinding stages.

However, this will vary for each feed type, so it is necessary to conduct a laboratory scale
testing programme to evaluate the most appropriate topsize for any particular coal to maximise
the recovery of the coal component at the target ash. Such a programme should be conducted
in the following stages:

o Carefully select representative samples of the coal to be tested which undergo microscopic
evaluation of the coal to determine how the mineral particles are dispersed throughput the
raw coal feed as described in Figure 1-1 and 1-2.

e Based on that analysis, conduct float/sink testing of representative feed samples at a range
of topsizes selected on the basis of the microscopic study.

e Run process plant simulations of alternative coal processing circuits using the above
washability data to determine the optimal topsize for processing the coal in the most efficient
manner when targeting a 2% ash (db) product.

There are additional advantages to processing the raw coal feed at a coarser topsize:

e Reduced tonnage of low ash concentrate to be presented to the final grinding stage,
reducing the unit capacity required and the associated energy. Removal of siliceous reject
material in the coal will reduce wear in the fine grinding circuit.

e Reduced energy level in the waste stream due to improved efficiency of the beneficiation
process. The coarser nature of the waste stream will allow for lower cost dewatering prior to
disposal if sent to waste.

A variation of this approach is to scalp only a small proportion (say 20% or less) of the natural
very low ash fines which are sometimes present in selected seams of bituminous coal used for
production of thermal using conventional coal processing methods. The remnant stream will
then still be suitable for producing a moderate ash thermal product in a second stage of
processing using conventional technology. The selected low ash fines may be subjected to
further crushing, grinding and processing if necessary to produce a suitable MRC product. Such
an operation would need to be located as an adjunct to a much higher capacity conventional
thermal coal processing plant.
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Design Criteria

The General Design Basis for Coal Beneficiation, is provided in Appendix D, (document
reference A917-D01-04010-001).

The key design parameters are outlined in Table 3-1.

Table 3-1 Key Design Parameters

General

Feed Coal Capacity (Nominal)
Product Capacity (Nominal)
Specific Gravity

Feed Coal (ad)

Product Coal (ad)

Rejects (ad)

Total Moisture

Feed Coal

Bulk Density

Feed Coal

Product Coals

Rejects

Sizing

ROM Top-size (Nom)

Product 100% passing size (P100)
Product 80% passing size (Pso)
Ash

Product

Hardgrove Index

HGI
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t/h
t/h

RD
RD
RD

% (AR)
kg/m3
kg/m3
kg/m3
mm
pm
pm

% (ad)

Index

Volume
900
850

1100

100
48

1.35
1.32
1.50

25.77

80

50

20
2.0%

57

Load
1100
1000
1400
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4

4.1

4.2

Mass and Energy Balance

Mass Balance

Mass balances for this study are generated on an Ultimate Analysis basis, using the North
American convention of including “bed” or “inherent” moisture and ash components on an (ar)
basis, or excluding the moisture component for calculations on a dry basis.

Assumptions

e The coal feed is sub-bituminous Montana Rosebud, Table 4-1 Ultimate analysis calculations
for Feed, Product and Reject streams

e Product upgraded to 2% ash (db) and sulphur content reduced by 20%.

e For mass balance purposes, the remaining components related to the organic part of the
coal including C, H, N, O and Moisture retain the same proportions in both the product and
reject material as in the original feed.

e Use mass balance of solids in the open circuit mill calculations resulting in 47.5% yield (ar),
(or 45.8% yield on a dry basis).

e Final MRC slurry is 55% coal (ar)

e The calculation methodology includes the following steps:
— Feed ultimate = Feed (ar) from Table 4-1
— Feed adjusted to dry basis
— Product ash set to 2% (db) and S set to 80% of Feed S% (db)
— The 20% S rejected is organic and reports to the tailings
— Product adjusted to (ar) basis after feed moisture is adjusted for ash and S changes
— Reject (ar) calculated for each component according to yield % (ar)
— Reject (db) calculated for each component according to yield % (db)
— Check calculation for Reject (db) from Reject (ar).

Table 4-1 shows the calculated Ultimate Analyses for the Feed, Product and Reject streams.

Table 4-1 Ultimate analysis calculations for Feed, Product and Reject streams

Feed ar Feed Dry Prod ar | Reject Reject
Component | (%) (%) Prod Dry (%) | (%) ar (%) Dry (%)
©

50.07 67.45 74.53 53.31 47.14 61.48
H 3.38 4.55 5.03 3.60 3.18 4.15
N 0.71 0.96 1.06 0.76 0.67 0.87
S 0.73 0.98 0.79 0.56 0.88 1.15
Cl 0.01 0.01 0.01 0.01 0.01 0.01
Ash 8.19 11.03 2.00 1.43 14.31 18.66
Moisture 25.77 0.00 0.00 28.47 23.32 0.00
Oxygen 11.14 15.01 16.58 11.86 10.49 13.68
Total 100 100 100 100 100 100

The above mass balance was checked using the Proximate Analysis to verify the ash balance.
However, it is necessary to use the more complex Ultimate Analyses for a mass balance to
provide the necessary data to estimate product and reject CV’s.

Energy Calculations

The Dulong Equation can be used to estimate the energy of thermal coals from the Ultimate
Analyses in the absence of laboratory bomb calorimeter data. The specific parameter values
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recommended for application of this equation vary somewhat depending on the source, but all
result in a similar energy value considering the error in laboratory measurements.

For this study, the following equation is used (Demirbas, 2004) for estimating the HHV (db) as it
results in the closest estimate to the 11,516 Btu/lb quoted in Table 4-1 for HHV (db). The units
for the elemental analyses in equation (1) are in mass fraction.

HHV (kcallkg) = 8,080(C) + 34,460(H) — 4,308(0) + 2250(S) 1)

The result from equation (1) is then adjusted to HHV (ar) assuming the moisture component has
neutral value in terms of energy.

The calculation of LHV (ar) (corresponding to CV nar) adjusts the available energy in the coal
feed for the water and the H component of the coal which forms water during the combustion
process. In the laboratory analysis of the energy content of the coal, all the water products are
condensed so that the heat of evaporation is recovered and recorded as part of the energy
generated from the sample on an HHV basis. However, in commercial applications, the water
products for the most part exit the boiler as uncondensed steam, so this heat of evaporation is
lost to the process, and the energy value of the feed needs to be reduced accordingly, which is
termed LHV (or CV nar).

For the purpose of this study, the ASTM formula for higher rank coals is used as follows:
CVnar =CVgar - 0.02395 x (TM + 8.94 x Har) Mj/lkg  (2)

Where CVnar is equivalent to HHV (ar)
CVgar is equivalent to LHV (ar)

TM is a combination of the “inherent” or “bed” moisture bound within the coal
structure, plus any free moisture present, including the free water present in a coal
slurry.

Table 4-2 shows the estimates of the feed, product and reject energies on both a dry and an as
received basis using the Dulong Equation (1) above. The LHV values after applying equation (2)
are also shown. All energy values are converted from kcal/kg (from equation 1) to kj/kg using a
factor of 4.1868 and to BTU/Ib using a factor of 1.80.

Table 4-3 shows the reduction in the energy value of the combined coal and water components
in the MRC 55% solids slurry, assuming 55% product solids with an estimated product bed
moisture of 28.5% which is absorbed within the coal solids, and free moisture of 45% which is
required for suspending the fine solids in the slurry so that it has the necessary rheological
properties for use as a MRC liquid fuel.

Table 4-2 Energy estimates of Feed, Product and Rejects using Dulong Equation

I O ™ N N TN

Dry basis kJ/kg 26774 29555 24427
Btu/lb 11518 12715 10509
]
Ar basis HHV kJ/kg 19874 21139 18730
Btu/lb 8550 9094 8058
LHV kJ/kg 18533 19687 17490
Btu/lb 7973 8470 7524

Note: There is no LHV data listed in table 4-2 for Dry Basis as such a value has no physical
meaning, since it requires a total moisture value to be nominated so that the adjustment to
usable energy value can be calculated. If a notional value of LHV db is estimated using the
standard “change of base” formula, its subsequent use for estimating LHV on an ar basis for
other total moisture levels, e.g. in the slurry, will lead to erroneous results due to the
disproportionate effect of total moisture on reducing available energy from the dry component of
the coal.
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Table 4-3 Energy estimates of 55% coal solids slurry compared with Product Coal.

I N T T T
HHV

kJ/kg 21139 11627

Btu/lb 9094 5002
LHV kJ/kg 19687 9750

Btu/lb 8470 4195

4.3  Moisture Assumptions

There are a number of factors that contribute to the final MRC product moisture. During the
study there was discussion that a lower final product moisture than that used by Sedgman may
be achieved due to the liberation of inherent moisture in the feed. It is correct that some of the
coal will be ground fine enough to expose the pores, and no doubt there is a proportion of the
micronized product where this has happened to some degree. However, it is doubtful that much
of the associated water will be released to form part of the free flowing matrix of free water
required to suspend the solid particles for two reasons.

e The size and nature of the porosity of coal has been studied at some length over the years,
with a great deal of contradictory and confusing conclusions. Perhaps one of the most
definitive sources on coal science is “Coal: Typology — Physics — Chemistry — Constitution”
by van Krevelen (3rd edn 1992), and in Chapter 7 he discusses the pore structure. The
pores (from Dubinin) are described as consisting of different sizes; macropores >20 microns,
mesopores 2 — 20 microns and micropores < 2 microns. Table 7.5 lists measurements
undertaken for a range of coal ranks, and for the three coals with similar C% maf values to
the coal used as a source for the study (76% C maf and ranked as Type C high volatile
bituminous in table 7.5), the percentage of pore volume classified as macropores averaged
about 20%, with the majority of pores in the finer classifications. Hence for the most part one
would expect a substantial pore volume remaining in the micronized coal.

e A second issue is the understanding of how the inherent moisture is bound within the
coal. A substantial R & D programme was carried out by CSIRO and the Australian coal
industry in the late 80’s to determine this issue, with which Sedgman’s Principal Coal Quality
Consultant, Chris Clarkson, was involved. Their general understanding was that the moisture
adsorbs onto the coal pore surface in multiple layers, primarily due to Van der Walls forces,
hence the substantial heat of wetting when moisture is re-absorbed into coals that have been
dried to exclude the inherent moisture. This again is consistent with various sections of van
Krevelen. Even if a number of the pores are exposed from fine grinding, it would be
expected that such moisture would remain adsorbed on the coal surface as a boundary layer
lying within the surface shear zone, so for all practical purposes will not contribute to any
significant extent to the low viscosity, free flowing matrix of water required to suspend the
solids.

If a lower final product moisture was to be selected, it would therefore be necessary to conduct
bench-scale studies in which micronized coal representing the proposed feed source are
slurried and the rheological properties measured for different size ranges and percentage
moisture.
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5.1

5.2

Flowsheet Development

Sedgman utilized its experience in coal and mineral processing technology to investigate
various options for design of the MRC plant. The following describes the methodology used to
develop the flowsheet.

Each plant unit operation of the flowsheet is currently commercially available. However, in some
cases the application to coal, or finely ground coal, is novel. Recommendations regarding the
test work required to validate the flowsheet are identified in Section 11

Assumptions

For the plant description and scope of works outlined above, a number of assumptions have
been made to arrive at the final selected concept. Table 5-1 provides a list of the major
assumptions and the impact on the design. Testing of these assumptions will be required in
future stages of the study to confirm or modify the design as required. Section 11 provides more
details regarding the expected future test work requirements.

Table 5-1 Design and concept development assumptions

Design/ Concept Impact Testing required to confirm

Feed quality size e Pre-sizing requirements e Size/ash analysis of feed

independent — all feed e Screening requirements e Coal Grain Analysis (CGA)

processed o Feed handling system (conveyors)

Liberation of carbon e Grinding technology and power e Size/ash analysis

requi‘res grinding to 100% requirement e Coal Grain Analysis (CGA)

passing 50 micron o Downstream processing technology and e  Grinding characteristics testing
size (flotation thickening, dewatering)

Deep froth and high wash e Flotation technology e Flotation testing (tree flotation)

water required for low ash

product

2 stage flotation required e Flotation plant layout and size o Flotation testing (tree flotation)

to r:each required product o  Ppower and consumables requirement

as

24 hour product storage e Product slurry storage tank size and None. Client specification.
number

First Stage Size Reduction

Based on the feed coal size distribution and the possible reduction ratios of conventional size
reduction equipment, two stage size reduction was deemed necessary. The recommended
equipment for this application is to use a hammer mill as primary size reduction, followed by a
ball mill to reduce the top size of the grinding mill feed material to an 80% passing size (Pso) of
93 um.

Hammer mills are proven technology which can produce the required primary size reduction
down to a Pso of 13 mm at the required throughput with suppliers confirming that capability. A
typical hammer mill is shown in Figure 4-1. Fines generation which is typically of concern in a
coal washing plant are not an issue here and are encouraged to assist the grinding circuit.
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5.3

5.4

Figure 5-1 Typical hammer mill installation

Secondary Size Reduction

The hammer mill product top size is suited to a ball mill for secondary size reduction. Ball mills
are a common method of impact grinding and have proven capability of producing the required
discharge particle size distribution. A typical ball mill is show in Figure 5-2.

Figure 5-2 Typical Ball Mill Installation

Primary Grinding Classification

The ball mill will be required to operate in closed circuit with classifying cyclones. The cyclones
are used for size separation and to ensure no oversize material is fed through to the regrind mill.

The ball mill product is pumped to the ball mill grinding cyclones. The cyclones will separate the
coal slurry based on particle size at a cut-point of 93um (D80). Undersize material will continue
on to the regrind mill, while oversize material will be directed back to the ball mill feed for further
size reduction.
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5.5

Fine Grinding

The regrind mill will provide the final stage of size reduction, to the desired P100 of 50um for
ash flotation. Stirred mills are a method of wet grinding that are proven to be highly efficient
when very fine grinds are required. For this application, a VXPmill will be suitable for achieving
the desired level of grinding at the specified throughput. This mill is a medium intensity mill
running at higher speed than a Vertimill but lower speeds than and IsaMill. A typical VXPmill is
shown in Figure 5-3.

Figure 5-3 Typical VXPmill Installation

The selection of the most suitable fine grinding technology will depend on a number of
factors/requirements including:

Required product size

For a given feed size, as the required product sizing gets finer, the energy requirements
increase, with some technologies being more suited to ultrafine grinding than others. For the

50 um product size requirement for this project, Rod mills will not be suitable as they have
difficulty generating product less than 1000 um. Further, Rod mills require in excess of 30%
more power than ball mills performing the same duty. Suitable technologies for this product size
include tube mills, stirred mills and tower mills.

Feed sizing

Different milling technologies have different maximum feed sizes that they can handle,
depending on the required product size. Some tower mills require very fine feed size (1 mm or
less) which typically would require multiple additional crushing and grinding stages to prepare
the feed, adding to circuit complexity and maintenance requirements and capital cost.

Grinding efficiency

The amount of energy required to reduce particle size increases as the particle size decreases.
The energy requirement to attain the desired PSD can vary depending on the method of
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grinding employed and ultimately the grinding efficiency. Two common methods are impact (e.g.
Ball mill, Tube mill, SAG mill) and attrition (tower or stirred mills). Typically, impact mills are less
efficient for very fine grinding as energy is lost through media impact, noise and the energy
required to rotate the shell to lift the media compared to slower moving attrition mills.

Other factors that impact on grinding efficiency include: slurry flow rate, slurry density, and
slurry rheology all of which can be controlled to a certain extent.

Operating Costs

Energy is by far the most significant operating cost of any mill, however, other items also
contribute to the ongoing operating costs, including wear liners and grinding media. Typically,
attrition mills will have reduced wear on liners as they don't operate by impact of media on the
ore. The mill operating speed will impact the liner and media wear rate as well as its grinding
efficiency and is dependant on the technology selected. Test work will show which technology
provides the optimal balance for this application.

5.6  Fine Grinding Classification

For this application, the VXP mill will operate in an open circuit with classifying cyclones.
Classifying cyclones are used for size separation to ensure limited oversize material is fed
through to the flotation circuit. While this is not catastrophic, it will likely impact on the final ash
content.

Ball mill cyclone cluster overflow is pumped to the fine grinding cyclones. These cyclones
separate the material based on particle size at a cut-point of 32um (D95). Undersize material
continues to the flotation circuit, while oversize material is recycled to the VXPmill for a final
stage of grinding.

Whether the fine grinding cyclone must operate in closed or open circuit with the fine grinding
mill is dependent on the technology selected and must be considered in any further technology
trade-off.

57 Ash Removal

The most efficient method for ash removal from the feed material will be dependent on the
optimal size requirement. For the purposes of this study, it is assumed that the feed material will
need to be reduced to a liberation size that would require flotation as the only feasible
conventional processing method.

Operation of the flotation cells have a number of variables that can be adjusted to obtain the
required product quality. These include; reagent dosage, froth depth and wash water rate.

There are a number of different flotation technologies available which have different energy and
reagent input requirements. Regardless of the technology chosen, flotation of such fine coal to
such a low concentrate ash will have the following issues which must be addressed/ determined.

Froth carrying capacity

Carrying capacity is the rate at which material can be removed from the cell (t/h/m2 cell area).
Ultrafine coal typically has a very low carrying capacity compared to ‘standard’ coal flotation (at
most half the value). This will invariably lead to larger numbers of cells to process the material.

Froth washing

To achieve the low concentrate ash, froth washing will be required. High ash slimes will
invariably be present in the concentrate with such a fine feed after being liberated in the
grinding circuit as it is carried with water into the froth. The best method of removing this

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001 Page 12
342



DICE GT-CRCC Pre-FEED SEDGMAN

Study Report

5.8

material is to wash the froth with clean water. This involves running the cell with a relatively
deep froth of 1-1.5 m (3 to 5 ft).

Multiple stages

Even with froth washing, it will be necessity to have multiple stages of flotation to achieve the
ultra-low ash. This will be a cleaner stage which would re-float the concentrate from the first
stage (roughers) to allow additional ash removal. The requirement for this would depend on the
quality of the feed. A low ash fine feed may not require a second cleaning stage.

Note that if a relatively coarse sizing (e.g. 250-500 micron) is possible to achieve the required
ash content, then cheaper processing technologies e.g. spirals, reflux classifiers, could be
employed. These technologies do not require any additional reagents and typically require less
circulating water volumes and pumping requirements, resulting in operating cost savings.

Items to be confirmed
Liberation analysis to determine ideal size to achieve required ash removal
Coal grain analysis (CGA)

Flotation test work to determine:
e Flotation behaviour of ultrafine feed material
e Optimal flotation technology

e Optimal flotation circuit to achieve required performance (ash and yield) e.g. Rougher-
cleaner, rougher-scavenger, rougher-cleaner-scavenger

e Reagent dosage required
e Carrying capacity
e Wash water requirements

e Froth depth requirements.

Dewatering

The use of flotation as the main processing technology for this material results in a slurry
product of relatively low solids concentration (approx. 12% w/w). The final slurry solids
concentration required is 55 % w/w. Therefore, dewatering of the flotation product is required to
reach the final slurry concentration.

The philosophy to dewater the MRC product to a higher solids concentration than required in
the final slurry to allow a controlled addition of water (and dispersant) to be added back in so
that the target solids concentration can be obtained.

Fortunately, due to the low ash nature of the product (and, given the relatively good quality feed
to the system, medium level ash of the tailings), dewatering behaviour of the material will not be
impacted by excessive slimes or clays which are detrimental to dewatering performance.

However, given the ultrafine size of the material in the plant, dewatering will still require a
relatively high intensity process to achieve the required moisture.

At this size, the most common dewatering methods are plate and frame filters, belt press filters,
screen bowl centrifuges and solid bow! centrifuges. Table 5-2 gives a high level comparison of
these technologies for ultrafine dewatering. Note that items such as flocculant dosage and
footprint will be heavily dependent on test work which will indicate specific capacity of the
equipment (t/h/m2, t/h/m etc.).

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001 Page 13

343



Sty Report SEDGMAN

Table 5-2 Dewatering Technology Comparison

Assessment Criteria*

Technology Product Fines Flocculant | Continuous | Footprint | Maintenance Circuit Total
Moisture Loss Dosage Production Complexity
3 3 3 1 1 1 1 13

Solid bowl

Centrifuge
Screen bowl 2 4 2 1 1 2 2 14
Centrifuge
Plate and 1 1 1 4 1 4 4 16
Frame

Belt Press 4 2 4 1 4 3 3 21
Filter

*1 = best, 4 = worst

Based on the above table, solid bowl centrifuges are the most favourable technology without
further test work. A typical solid bowl centrifuge is shown in Figure 5-4.

Figure 5-4 Typical Solidbowl Centrifuge Installation

All these technologies will require some form of pre-thickening of the feed to help improve
dewatering efficiency and minimise the size of equipment required. Therefore, a high rate
thickener will be installed prior to the selected dewatering equipment. A typical thickener
installation is shown in Figure 5-5.

Figure 5-5 Typical Thickener Installation
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5.9

5.10

5.11

Items to be confirmed

e Thickener (and flocculant) test work for thickener sizing. This will require assessing the
impact of flocculant addition on any downstream dispersant to be used for slurry preparation

e Dewatering test work to assess the different technologies.

Slurry Preparation

As discussed in Section 5.8, the product material will be dewatered to reach the required slurry
solids concentration. It is likely that a dispersant will also be required to be added to the slurry to
keep the solids in suspension for extended periods before usage.

Product material will be discharged from the solidbowl centrifuges to a product transfer
conveyor, which in turn will deposit the material into the product slurry agitation tank. Product
slurry will then be pumped into one of two product storage tanks.

Once the slurry mixture has been created, moving this material to long term storage will require
pumping, however, the high solids concentration of this material make the use of conventional
centrifugal pumps unlikely to be viable. A progressive cavity or positive displacement pumping
technology will likely be required. Viscosity testing of the final slurry material will be required to
determine the best pumping technology for this material.

Tailings Handling

Sedgman considered alternate commercial and non-monetary disposal methods for the tailings
of the beneficiation process. One option was to dry the tailings, mix it with a binder (starch) and
create briquettes. These briquettes could be marketed as a fuel source for a coal-fired power
station or metallurgical smelting operation however would be a lesser quality product compared
with raw coal. As this additional processing would add to the plant capital and operating cost it
is not likely to be more feasible then a conventional wet disposal method. An alternate use
could be to use the tailings slurry as a fuel for slurry-based gasification generating power or
chemicals however no investigation of this option was undertaken. For the purposes of the
study a conventional wet tailings disposal method was assumed with the tailings being thickener
to a high weight percent solids slurry using a high rate thickener then the underflow slurry
pumped to a tailings impoundment facility. Water could be decanted from this facility and
recovered for use in the processing facility. The impoundment facility is to be supplied by others.

Flowsheet Selection

The final flowsheet selected for this concept study consists of:

o Hammer mill first stage size reduction

e Ball mill second stage size reduction

o Vertimill (tower mill) fine grinding.

e 2 stage (rougher/ cleaner) flotation

e Hi-rate thickeners for both product and tailings

e Solid bowl centrifuge dewatering of product.

o Baffled and agitated tanks for product slurry storage.

A flowsheet with typical expected flows for the selected circuit is given in Appendix A. This

flowsheet is considered the most robust as it allows for full grinding of the plant feed and has a
broad range of suitable of feed coal quality.
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6 Plant Description

Based on the discussion in Section 4, the new facility will be as generally outlined in the layout
drawings attached in Appendix B and as described as follows. An elevation views of the overall
plant is shown in Figure 6-1 and Figure 6-2.

Figure 6-1 Overall plant view from the feed end.

Figure 6-2 Overall plant view from the thickener side.

6.1 General

The MRC Facilities are designed to achieve the following objectives:

e Receive and process —80 mm coal feed material at a nominal rate of 100 t/h (design =
110 t/h)

e To transfer thickener tailings at a maximum rate of up to 58 t/h

e To transfer dewatered MRC product into mixing and agitation tanks to produce a stable high
solids content slurry

e To transfer and store MRC slurry material for downstream use.
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A simplified process block diagram of the CPP is shown in the following Figure 6-3.

RAW COAL
HANDLING HAMMER MILL
;
GRINDING
CYCLONES BALL MILL
PRODUCT
SLURRY
PRODUCTION
FINE SRR AND STORAGE
GRINDING MILL
CYCLONES o
ROUGHER CLEANER PRODUCT SOLIDBOWL
FLOTATION FLOTATION THICKENER CENTRIFUGE
TAILINGS TAILINGS
"| THICKENER HANDLING

Figure 6-3 Simplified Process Block Diagram

6.2 Feed Coal Receival and Handling

Reference Material:
¢ Site Layout (Appendix B)
e Equipment List (Appendix C).

The feed coal receival and handling arrangement is presented in Figure 6-4.

j BALL MILL STATION

Dump
Hopper A

Vibrating
Feeder

Figure 6-4 Raw Coal Handling Diagram
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6.2.1

6.2.2

Dump Hopper & Surge Bin

The feed coal will be loaded from the feed coal stockpile into the dump hopper by a front-end
loader (FEL). Material in the hopper will be drawn out of the hopper by a belt feeder and
transferred to the Hammer mill.

A typical dump hopper arrangement with FEL feed is shown in Figure 6-5.

Figure 6-5 Typical dump hopper arrangement with FEL feed

The belt feeder will regulate the feed rate to the process plant. The feed rate will be set from the
control room by the plant operator.

Discharge from the belt feeder will be directed to the hammer mill, which will provide the first
stage of crushing the raw coal. The hammer mill product will discharge onto the 100 t/h surge
bin feed conveyor.

The surge bin feed conveyor will deliver the raw coal to the surge bin. The surge bin will have a
100 t capacity, which will allow for approximately 1 hour of continued operations if the hammer
mill is not operating.

The surge bin will discharge onto the ball mill feed conveyor. weigh scale will be located on this
conveyor and used to control the feed rate of the belt feeder. This conveyor will deliver the
material to the ball mill feed box.

Ball Mill Station

The ball mill feed conveyor will discharge into the ball mill. Discharge from the ball mill will be
collected in the ball mill cyclones feed sump.

Material will be pumped from the ball mill cyclones feed sump to the ball mill cyclones cluster.
The cyclones will cut the material at 93 ym (Dso) and direct oversize material back to the ball
mill for further size reduction. Undersize material will report to the grinding cyclones feed sump
in the process plant.

The simplified circuit configuration is shown in Figure 6-6
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6.3

6.3.1

6.3.2

6.3.3

TO PROCESS
S
PLANT

FROM BALL MILL
FEED CONVEYOR

BALL MILL

g

BALL MILL CYCLONE
FEED SUMP

Figure 6-6 Ball Mill Grinding Circuit

Process Plant

Reference Material:

¢ Nominal Flowsheet (Appendix A)
e Plant Layout (Appendix B)

e Equipment List (Appendix C).

Process Plant Buildings

The processing facility will consist of a number of fully enclosed buildings to provide protection
for the equipment from the expected cold weather during winter months.

An overhead crane will be installed within the buildings to provide maintenance access to the
equipment within the buildings, and a crane bay for ground access.

Grinding Cyclones

Undersize material from the ball mill cyclones discharges into the grinding cyclones feed sump,
where the raw coal is mixed with dilution water to create slurry and then pumped to the grinding
cyclone cluster. Grinding cyclone overflow (undersize material) will gravitate to the rougher
flotation feed sump for further processing. Cyclone underflow (oversize) will report to the
grinding mill feed sump to undergo secondary grinding.

Grinding

The grinding circuit will be a standard open circuit grinding facility.

Oversize material from the grinding cyclone underflow is diluted with water and subsequently
pumped to the grinding mill. The grinding mill will produce solids with a top size of 50 ym and

the product will gravitate to the rougher flotation feed sump.

The simplified circuit configuration is shown in Figure 6-7.
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GRINDING
CYCLONES
CLUSTER
———]|
GRINDING
MILL
BALL MILL
CYCLONE —
OVERFLOW
v
TO
FLOTATION
L 4 v
GRINDING CYCLONES GRINDING MILL

FEED SUMP FEED SUMP

Figure 6-7 Simplified Grinding Mill Circuit Diagram

The conceptual grinding plant layout (overhead and side) is shown in Figure 6-8 and Figure 6-9

Figure 6-8 Grinding Plant Overhead View
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Figure 6-9 Grinding Plant Side View (outer building not shown)

6.3.4 Flotation Circuit

Grinding mill product and grinding cyclone overflow are fed to the rougher flotation feed sump,
where they are combined with rougher flotation recirculated tailings and solid bowl effluent. The
slurry is then fed to the rougher flotation cell. Collector (chemical used to assist flotation),
typically diesel, is added to the cyclone overflow collector to provide time for mixing of the
collector onto the coal particles prior to reaching the flotation cells. Rougher flotation product will
gravitate to the cleaner flotation feed sump for further flotation treatment. Rougher flotation
tailings will report to a splitter box, which will split the tailings between a feed to the tailings
thickener and a recirculation stream back to the rougher flotation sump.

Product from the rougher flotation cell will be pumped to the cleaner flotation cell. Cleaner
flotation product will then report to the product thickener feed box which will discharge into the
product thickener. Cleaner flotation tailings will report to a splitter box, which will split the tailings
between a feed to the tailings thickener and a recirculation stream back to the cleaner flotation
sump.

Flotation reagents will be stored in and distributed from a bunded storage area located remote
from the plant. This facility will include one collector storage tank and one frother storage tank.

The collector will be dosed directly into the flotation cell feed by a collector dosing pump (fitted
with a variable speed drive) located in the reagent storage area.

The frother will be dosed directly into the flotation cell feed pump suction by a frother dosing
pump (fitted with a variable speed drive) located in the reagent storage area.

The simplified circuit configuration is shown in Figure 6-10.
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ROUGHER CLEANER
FLOTATION CELL FLOTATION CELL
PRODUCT TAILINGS
THICKENER THICKENER
4 TO CLARIFIED WATER
TO
GRINDING ) TANK
CYCLONE — TAILINGS
OVERFLOW
TO PRODUCT SLURRY
f————3 PRODUCTION AND
1 STORAGE
Y
vy j’_
'C ? O TO ROUGHER

ROUGHER FLOTATION CLEANER FLOTATION PRODUCT SOLIDBOWL FLOTATION FEED
FEED SUMP FEED SUMP FEED SUMP SuMp

Figure 6-10 Simplified Flotation and Dewatering Circuit Diagram

A conceptual flotation plant layout (overhead and side) is shown in Figure 6-11 and Figure 6-12.

Figure 6-11 Flotation Plant Overhead View
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6.3.5

Figure 6-12 Flotation Plant Side View

Dewatering

The froth concentrate from the cleaner cells will gravitate to the product thickener de-aeration
tank and then into the centre well of the thickener. Flocculant is added to the coal thickener feed
launder to assist settling of the solids. The flocculant will be provided from a powder-based
flocculant preparation plant which prepares and doses anionic flocculant to the coal thickener.

Thickened solids from the product thickener underflow will be pumped to the product solid bowl
feed sump, with each centrifuge individually pump fed to ensure a controlled feed.

Dewatered product is discharged onto a transfer conveyor which delivers the product into
agitation tanks where it is subsequently pumped to the product storage tanks. Overflow from the
product thickener is used as clarified water for the plant. Effluent from the solid bowls is
recycled back to flotation feed. This maximises the recycling of frother contaminated water in
the flotation circuit and avoids transfer of this water into other areas of the plant.

The tailings from both the rougher and cleaner flotation cells will gravitate to the tailings
thickener de-aeration tank and then into the centre well of the high rate thickener. Flocculant is
added to the tailings thickener feed launder to assist settling of the solids prior. The flocculant
will be provided from a powder-based flocculant preparation plant which prepares and doses
anionic flocculant to the coal thickener. Thickened solids from the tailings thickener underflow
will be pumped to the tailings impoundment area.

If required, flocculant can also be added into the centrifuge feed stream to assist with
dewatering of the product and tailings.

A conceptual dewatering and slurry preparation plant layout (overhead and side) is shown in
Figure 6-13 and Figure 6-14.
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Figure 6-14 Dewatering/ Slurry Prep Plant Side View

6.3.6  Product Slurry Preparation

Dewatered product coal discharges from the product transfer conveyor into the product slurry
agitation tank. A weigh scale located on the transfer conveyor will record instantaneous product
rate to enable accurate metering of water and dispersant for slurry preparation. Agitated slurry
is subsequently pumped into one of two (2) product storage tanks. Each storage tank is
equipped with a discharge pump, the discharge of which is the battery limit of the beneficiation
plant. It is assumed that these pumps with discharge in batch operation to the DICE plant.
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6.4

6.4.1

6.4.2

6.4.3

6.5

6.5.1

6.5.2

Sampling and Quality Control

Plant Feed

A cross belt sampler will be located on the plant feed conveyor. This sampler will be used
primarily for audit purposes. Primary sample increments discharged from the sampler will be
directed by chute work to a collection drum.

Product Coal

A microwave type moisture analyser on the product transfer conveyor will provide the real-time
moisture of the coal product allowing the determination of water and reagent addition
requirements. Final product can be manually sampled from the discharge of the product mixing
tank pump.

Tailings

Final tailings can be manually sampled from the discharge of tailings thickener underflow pump.
Water Services

Fire, Washdown & Dust Suppression Systems

A combined fire, washdown and dust suppression reticulation system will be provided around
the plant. Water for this system will be held in fire water storage tanks which will be fed from the
raw water supply.

Fire Protection System

The fire protection system for the plant will be based on the philosophy of early fire detection,
emergency warning and taking a pro-active response to an emergency fire situation.

The fire protection system will consist of the following:

e Materials handling wash down, fire water and dust suppression pipeline servicing the plant
and materials handling facilities

¢ Fire hydrants appropriately spaced around the materials handling buildings and plant
facilities according to relevant Standards, Statutory and Local Authority requirements. Make
and model of fire hydrant to be standardised across the site.

e Standard 0.75 inch diameter x 118 ft long hose reels along conveyor gantries spaced at 100
ft intervals on alternate sides of conveyors

e Standard 0.75 inch diameter x 118 ft long hose reels throughout the plant facilities according
to relevant Standards, Statutory and Local Authority requirements

e Portable fire extinguishers consisting of dry chemical powder, carbon dioxide and wet
chemical types installed in designated areas of the site as per relevant Standards, Statutory
and Local Authority requirements

e Manual call points will be located at exits from switch rooms being connected to a fire
indication panel (FIP)

e Sub-fire indicator panels with automatic detection and alarm system for fault detection in the
plant switch room.
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6.5.3

6.5.4

6.5.5

6.5.6

6.6

6.7

6.8

Fire Protection System Design Criteria
For the purposes of this concept study, the Fire Protection System will comply with the relevant

standards of the International Building Code, International Fire Code, and National Fire
Protection Association to the extent such reference is applicable to the facility.

Washdown Water
Washdown water will be provided at all stations and bins.
All washdown water will be supplied from the raw water tie-in point.

Washdown water will generally be provided through 1 inch hoses in all stations and bins.
Additional couplings and ball valves will be provided at other locations as necessary.

Pressure requirements for washdown system will be as specified by Sedgman.

Dust Suppression
Dust suppression sprays will be provided at appropriate transfer points in the raw coal handling

system including the receival bin. Based on best industry practice, the flow rates at the transfer
points will be 0.05 % of the transfer capacity.

Gland Water System

A gland water tank will be provided to supply water for pump gland seal and flocculant make-up.
This tank will be fed from the raw water supply.

Air Services

Compressed air will pass through a drier prior to being reticulated around the plant for use as
plant and instrument air.

Reagents

The reagents required to operate the flotation cell (diesel and MIBC) and for slurry preparation
(dispersant) will be provided and stored in a purpose built facility (fuel farm). The fuel farm will
consist of one storage tank for each of the reagents located in a fully bunded area. Pumps and
piping to transport the reagents from the storage tanks to the flotation and slurry preparation
circuits will be supplied.

Electrical Description

The electrical design, installation and equipment will conform to American Standards (ANSI, NE,
NFPA, NEMA, UL, IEEE etc.) with the inclusion of State specific requirements.

All electrics, instrumentation and controls will be provided to service the MRC processing facility.

The control circuit design will hardwire the essential personnel and equipment safety devices in
failsafe mode for enhanced security.

A local control station (LCS) with start and stop pushbuttons and lockable isolator will be
provided for each motor. These LCSs will be in the vicinity of the equipment, readily accessible
and clearly marked.

Lighting and general purpose power will be provided to service the MRC processing facility.
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6.8.1

6.8.2

A modern control system will be provided to control and monitor the MRC. Plant control and
monitoring will be implemented using a Programmable Logic Controller (PLC).

The operator interface system will communicate with the PLC to allow control and monitoring of
all items of plant and equipment from a central point. The operator interface system will use a
SCADA package specifically configured for the plant.

Power Reticulation

Power will be provided by others at 13.8 kV AC at specified locations and will be reticulated
from these supply points to the processing plant.

Within corresponding areas of the plant, motors and loads will be powered from central MCCs
(Motor Control Centres) and switchgear. The voltage of the MCCs and switchgear will either be
480 VAC, 4,160 VAC or 13.8 kV AC. Electrical MCCs and switchgear are to be located within
electrical rooms in various locations across the site. The distribution of the electrical system is
designed to manage fault current, where possible.

The protection system, circuit breakers/fuses and relays for the power distribution system,
contained within the infrastructure scope, will be designed to ensure protection system grading
is maintained throughout the site installation. The settings and grading of the protection system
will be determined during the detailed design phase.

Electrical Switchrooms

The MRC and area switchrooms include a 13.8 kV/480 V transformer bay and a transportable
switch room building to house the Motor Control Centre(s) Switchboard. The electrical rooms
will generally be supported approximately 1.8 m (6 ft) above ground level by a steel frame
structure. Air conditioning unit(s) would be provided to maintain the internal temperature within
the electrical rooms. In general, the electrical rooms will be provided with two doors, one double
door for equipment access and another single door for personnel access.

Transformers will be installed on concrete plinths situated centrally within a bunded and fenced
area near the corresponding electrical room. Mineral oil filled transformers have been
considered. Low voltage (480 VAC) delta-wye transformers are considered to be solidly
grounded while medium voltage (4,160 VAC) delta-wye transformers are utilizing neutral
grounded resistance. Large motors will be operated on 4,160 VAC depending on their size and
power system.

Grounding will be provided around all switchrooms and steel structures and will be bonded back
to the main 13.8 kV supply ground.
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7 Scope of Works

The following scope of works and battery limits have been assumed as the basis for the study
and identify the commencement and termination points for the extent of works to be completed.
They are based on the selected flowsheet as described in section 6.

7.1 Earthworks

Assumptions

Sedgman has assumed for the purpose of this study phase and information available at the time
that a suitable flat pad is provided by others. No allowance for clearing, grubbing and re-grading
the existing ground profile, the excavation and installation of subgrade/pavement materials for
plant, equipment and buildings foundations, stockpile pads and vehicle access roads has been
allowed for in this study phase.

Once a location is defined, in later stages of the project, Sedgman will incorporate suitable
earthworks scope into the capital estimate aligned with the final MRC plant footprint
requirements.

Exclusions

All Earthworks outside of the Scope of Works, including but not limited to:
e Site administration offices and laboratory facilities
e Plant change rooms

¢ Maintenance workshops.

7.2 Civil Concrete

It is assumed that the site will be cleared and a suitable pad with a bearing capacity of 200 kPa
or greater will prepared by Others. All bulk earthworks, excavation in rock, and
removal/replacement of unsuitable soil material is excluded.

Detailed excavation for plant foundations and final backfill and trim to as-received condition is
assumed to be performed in this scope. Battery limits are the underside of concrete for the
following structures:

e Crushing

e Grinding Station

o Flotation facility

e Product and tailings thickeners

e Dewatering and slurry preparation facility

e Product storage tanks

e Motor Control Centres (MCCs) throughout the site (number TBC)

e Control room.

7.3 Structural/Mechanical

It is assumed Sedgman shall provide all necessary structures, chutework and equipment
required to process feed material through the processing plant.
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Inclusions

Concentrator Area:
e Processing plant process platework (sumps, tanks, boxes, collectors)

e Processing plant process equipment (mills, pumps, cyclones, flotation cells, thickeners,
centrifuges, agitators, samplers)

e Processing plant structures, including equipment support structures and enclosure sheds
e Feed Coal receival hopper
e Conveyors, transfer stations and chutework

e Control room/ crib room building.

Exclusions

e Any structural/ mechanical item not listed above in the inclusions

e Distribution system (pumps and pipework) out of long term slurry storage tanks
e Supply and placement of raw coal material onto the raw coal stockpile

e Any item associated with areas on the site not associated with the processing plant or
materials handling facility including but not limited to:

— Workshops
— Administration office facilities
— Laboratory.

7.4  Process Piping

It is assumed Sedgman shall provide all piping required to process plant feed through the
processing plant. Services (fire/ water/ air) battery limits are listed in other sections of this
document.

Battery Limits

Discharge into product slurry storage tanks.

7.5  Electrical Battery

Battery Limits

It is assumed Sedgman shall provide all electrical and instrumentation/control works required to
feed and operate the plant up to the mechanical battery limits stated. Battery limits are:

e Outgoing terminals of 13.8 kV supply point.

Inclusions

e 13.8 kV reticulation to MRC processing

¢ Distribution substations

e Switchrooms

e Motor control centres

¢ Field electrical and Instrumentation installation

e Cable support and protection systems.
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7.6

7.7

7.8

Exclusions

e Nil within battery limits.

Communications and Data Management

It is assumed Sedgman shall interconnect the plant’s new switchrooms’ and control room’s
control, fire protection, and CCTV systems as required to produce an operating system.
Inclusions

e Fibre optic reticulation

e Control and communications hardware

e CCTV hardware and software where required

e Network cabling reticulation within switchrooms and control room

e Network cabinets

e Control system (PLC) software implementation

e Control room furniture and fitout

e Operator interface (SCADA) software implementation.

Exclusions

e Higher level management systems (e.g. asset management, IT systems, downtime
monitoring)

e Telephone handsets
e Radio communications

e Security systems.

Tailings

Battery Limits

e Discharge of the tailings thickener underflow pump.

Inclusions

e Tailings thickener underflow pump.

Exclusions
¢ Pipeline from beneficiation plant to tailings disposal facility
e Disposal facility for tailings.

e Decant water recovery from tailings facility.

Water

Raw/ Washdown / Dust suppression

Raw water, to be used for clarified, gland and fire water make-up, washdown and dust

suppression will be supplied by Others at a nominated point for the required flow and pressure.
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7.9

7.10

Inclusions

e All reticulation from the tie in point to supply points of the make-up, washdown and dust
suppression systems throughout the processing plant and materials handling facilities.

Exclusions

e Any pumps or piping system to supply water to the tie-in point at the nominated flows and
pressures required.

e Reticulation to any areas not associated with the processing plant or associated material
handling facilities (e.g. Workshops, administration offices).

Compressed Air

It is assumed Sedgman shall provide all compressed air required to process plant feed through
the processing plant and materials handling facilities.

Inclusions

Compressors, air dryers, reticulation within processing plant and materials handling facilities.

Exclusions

Compressed air supply in any workshop, mining area or office facilities.

Sewage

Sewage system supply and reticulation is to be provided by the Client.
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8

8.1

Capital Cost Estimate

Capital Estimate

Capital cost concept level (£30%) summary is provided in Table 8-1. Overall pricing is provided
in USD based on >85% USD prices with 8.8% of the balance being in Chinese Yuan Renminbi
(CNY) as Chinese steel fabrication has been assumed. The estimate validity is December 2019.

Table 8-1 Capital cost summary (USD)

Process Plant Area Total (USD)

ROM Coal and Crushing $4,648,000
Grinding $16,159,000
Flotation $4,050,000
Product De-Watering $4,705,000
Product Slurry Storage $2,838,000
Tailings De-Watering $1,997,000
Process Plant Services $5,015,000
Reagents $368,000
Direct Costs Total $39,780,000

Design and Project Management $9,170,000
Warranty $398,000
Engineering Allowances Total $9,568,000

Contingency $4,935,000
Contractor’s Margin $8,019,000
Commercial Allowances Total $12,954,000

TOTAL $62,302,000

A breakdown of the major components of the direct costs is provided in Table 8-2.

Table 8-2 Categories of direct costs

Direct Cost Type Total (USD)

Equipment Procurement $12,708,000
Material Procurement $11,392,000
Delivery $2,182,000
Direct Labor $13,489,000

The vendor supplied mechanical equipment procurement costs have been provided by area in

Table 8-3. Note that this excludes fabricated items.

Table 8-3 Mechanical equipment direct procurement costs by area

Plant Area Total (USD)

ROM Coal and Crushing $ 716,000
Grinding $ 4,875,000
Flotation $ 351,000
Product De-Watering $ 1,669,000
Product Slurry Storage $ 640,000
Tailings De-Watering $ 328,000
Process Plant Services $ 782,000
Reagents $ 182,000
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8.2

8.3

8.3.1

8.3.2

Estimate Qualifications and Exclusions

The cost estimates presented herein are based on the following qualifications:
e Interconnection between services has been based on battery limits described within
e Cost estimate pricing has been based on total project execution

e No allowances have been made for third party testing or any performance testing.

The following exclusions apply to the estimate presented herein:
e Escalation has been excluded from the current estimate

e The Principal’s project management costs and other owner’s costs, including but not limited
to:

— All past and future study costs
— Allfinancing and legal provisions
— Project approval and permitting costs

e Sales tax and any relevant duties and other taxes
e Capitalised spare parts

e Allowances for any lost time for example relating to industrial relations issues and
unseasonable inclement weather

e Supply of power and water for construction
e Building and environmental approvals

e Cultural heritage matters.

Basis of Estimate

The capital cost estimate is reflective of the facility fully designed, supplied, fabricated and
delivered to site, constructed and commissioned in accordance with the scope of work detailed
within this report.

At this initial study phase Sedgman have utilised previous information for procurement,
fabrication and installation pricing and rates typically. This will be validated in future study
phases to align with the selected site location.

Direct Costs

Sedgman estimating procedures are based on quantity take-offs and construction rates. The
Sedgman in-house estimating database for the development, design and construction of coal
handling and preparation plants and associated mine infrastructure is comprehensive and is
continuously being updated.

The basis for the determination of capital costs is summarised as follows.

Material Rates

The estimate was based on unit rates from recent supply contracts for fabricated supply of light,
medium and heavy duty steel and platework against nominal quantities similar to this project.
For the purpose of this estimate the rates applied to these items have assumed offshore low
cost centre fabrication with shipping costs to the site.
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8.3.3

Installation hours for equipment was based on the database of historical information for similar
work. Each of the following commaodities used common project specific supply and installation
unit rates:

e Concrete
e Structural steel, plate work and pipework

¢ Installation of process and materials handling equipment.

Labour Rate

Labour rates were built into gang rates for mechanical, civil and electrical trades. These gang
rates were based on of rates used for recent Sedgman U.S.A. projects.

The labour rates applied included supervision, cranes, plant and equipment costed against
nominal durations.

Equipment Pricing

The study typically used historical equipment pricing that was deemed as less than 12 months
old. Where equipment pricing was sought from the market place the level of accuracy of the
pricing received was deemed within the levels of concept study.

Material Quantities

As part of the design developed for the study the bulk material quantities for concrete, structural
steel, pipework and platework, were calculated using sketches, preliminary layout drawings, and
previous project drawings or by calculation. For plant components similar in design and layout
to previous projects, final design take-off (FDT) quantities from the previous project were used.

Delivery

The capital cost estimates include delivery of all items and materials to site. The delivery costs
are based logistics costs applied to recent U.S.A jobs.

Project Cost

In addition to the direct costs the estimates include allowances for the following project costs:

e The electrical and instrumentation estimate was developed from a percentage of direct costs
based on Sedgman study guidelines

e Engineering, procurement and construction management costs. The engineering costs and
allowances for the project were developed from a percentage of direct costs using previously
completed projects experience, considering total equipment count and project duration.

e Contractor’s profit and an overhead recovery fee were each applied as a percentage against
the direct costs and direct allowances.

The total cost reflects the price the Principal could expect to pay a competent engineering
contractor to design and construct the options as outlined in this study. The estimate does not
include any owners costs.
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9.1

9.2

9.2.1

Operating Cost Estimate

An indicative operating cost estimate for the facility described in this study report has been
developed to an accuracy of £30%. The costs are primarily presented in terms of Dry Feed
Tonnes (DFT), with the operating cost summary table, Table 9-1, also showing the comparative
cost in terms of Product Slurry Tonnes (@55% solids w/w).

Battery Limits

The scope of the operating cost estimate is based on the following battery limits.

o Feedstock coal receival pad within 75 m (82 yards) of the feed coal receival hopper
e Discharge of product slurry storage tank pumps

o Discharge of tailings stockpile thickener underflow pump

o Pipe flange of raw water supply line adjacent to plant

e Power supply point at the local 11 kV switchboard.

Basis of Estimate

The operating cost estimate has been based on the following assumptions and inclusions. It is
assumed that the plant will be owner operated.

Labour

Operating labour including management, operating and maintenance labour as defined in Table
9-1. Operating crews are assumed to be engaged on an even time roster, e.g. 4 on/4 off, to
provide 24/7 production coverage.

Contract labour as required for maintenance is included in the maintenance costs.

Table 9-1 Operating Labour Assumptions

No. of Employees Cost per Employee

No. per No. of Base On-costs
Labour Costs Shift Shifts Total Unit Annual 25% Total Cost

Operations US$/a 137,989 170,444 170,444
Superintendent

Production 1 2 2 US$/a 112,624 139,113 278,227
General Supervisor

Processing Clerk 2 1 2 US$/a 36,732 45,372 90,743
Foreman - Shift 1 4 4 US$/a 93,437 115,413 461,652
Control Room 1 4 4 US$/a 83,649 103,324 413,294
Operator

Loader Operator 1 4 4 US$/a 70,774 87,420 349,681
Crushing/Grinding 1 4 4 US$/a 80,060 98,890 395,559
Operator

Flotation Operator 1 4 4 US$/a 80,060 98,890 395,559
Reagents/Services | 1 4 4 US$/a 72,985 90,151 360,603
Laboratory 1 4 4 US$/a 57,985 71,623 286,492
Sampler

Senior Metallurgist | 1 1 1 US$/a 110,883 136,963 136,963
Maintenance 1 1 1 US$/a 118,846 146,799 146,799
General Supervisor

Maintenance 1 1 1 US$/a 101,352 125,190 125,190
Planner — Elec and

Mech
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No. of Employees

Cost per Employee

No. per No. of Base On-costs
Labour Costs Shift Shifts Total Unit Annual 25% Total Cost

Tradespersons US$/a 70,469 87,043 261,129
(Mech/Elec/Instr)
Trade's Assistants 2 1 2 US$/a 57,809 71,406 142,812
Total 41 US$/a 4,015,148
US$/ROM t 5.43
9.2.2 Consumables
Consumables were based on the usage and cost rates as detailed in Table 9-2.
Table 9-2 Consumables Usage and Cost Rates
Throughput 740,000 t/a (ad)
(CONSUMPTION
Comminution
Hammer Mill hammers sets/a
Ball Mill Liners, Steel sets/a
Ball Mill Media, Cast Steel Balls 0.6 kg/ROM t
Regrind Mill Liners, Steel 1 sets/a
Regrind Mill Media, Ceramic Beads 0.26 kg/regrind
mill feed t
Process
Frother (MIBC) 400 g/t 296,000 kg
Collector (Diesel) 500 mL/t 370,000 L
Flocculant (powder) 70 g/t 51,800 kg
Dewatering
Solid bowl Centrifuge Rotating Assemblies sets/a
_____
Comminution
Hammer Mill hammers $20,235 US$/set $40,470 | US$/annum
Ball Mill Liners, Steel $153,000 US$/set $153,000 | US$/annum
Ball Mill Media, Cast Steel Balls $1.07 US$/kg $475,080 = US$/annum
Regrind Mill Liners, Steel $14,500 US$/set $14,500 = US$/annum
Regrind Mill Media, Ceramic Beads $5.50 US$/kg $1,054,130 | US$/annum
Process
Frother (MIBC) $4.50 US$/kg $1,332,000 | US$/annum
Collector (Diesel) $0.80 US$/L $296,000 | US$/annum
Flocculant (powder) $3.25 US$/kg $168,350 | US$/annum
Dewatering
Solid bowl Centrifuge Rotating Assemblies $458,900 US$/set $305,933 | US$/annum
TOTAL $3,839,463 Uss$
5.19 US$/ROM t
9.2.3 Maintenance

Maintenance including labour (site labour and contractors) and working spares, based on a
factorised maintenance allowance is shown in Table 9-3. Maintenance on mechanical
equipment is based on an annual cost factor, which varies by equipment type based on data
collected from similar operations. For electrical equipment, a factor of 4.0% was applied to all

the electrical capital procurement components, and 20% of the electrical install costs.
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Table 9-3 Plant Maintenance Cost Assumptions

Throughput 740,000 t/a (ad)
Mechanical Capex 29 US$M 1,846,174 US$/a
Electrical Capex 3.8 US$M

Electrical Install 2.9 US$M 174,181 US$/a

4.0 %la
Total Maintenance Cost 2,020,355 uss
2.73 US$/t
9.2.4 Power

Power costs were based on the estimated demand power as shown in Table 9-4, and a cost
charge of US$0.053 /kWh.

Table 9-4 Plant power costs

Hammer Mill 1,776,000
Ball Mill 1,300 kw 800 kw 7,696,000 kWh
Grinding Mill 3,500 kw 2,800 kw 20,720,000 kWh
Grinding Cyclones Feed Pumps 55 kw 44 kw 325,600 kwWh
Flotation 360 kw 288 kw 2,131,200 kwWh
Dewatering 661 kw 529 kw 3,913,120 kwWh
Slurry Transfer and Storage 418 kw 333 kw 2,471,600 kWh
Services/Miscellaneous usage 547 kw 438 kw 3,240,549 kWh
Totals 7,141 kw 5,713 kw 40,492,149 kwWh
Power Cost Rate 0.053 US$/kWh
Total Power Cost 2,240,526 US$/a
3.03 US$/ROM t

9.2.5 Mobile Equipment

Operation, maintenance and fuel costs for the mobile equipment are detailed in Table 9-5. A
single stockpile front end loader has been nominated, and the run hours calculated on the basis
that it can operate at 150 t/h loading capacity. Therefore, its total run hours are less than the
plant operating hours.

Table 9-5: Mobile Equipment Assumptions

Operatlng Hours Diesel Consumptlon Malntenance Costs

Total
Unit Description Qty -- US$/h Total US$

Front End Loader 1 4,933 4,933 74,000 $45.00 $222,000
(Cat 966 size)

Mobile crane (20t) 1 750 750 25 18,750 $55.00 $41,250
Skidsteer loader 1 1,200 1,200 8 9,600 $15.00 $18,000
Light Forklift 1 1,000 1,000 7 7,000 $15.00 $15,000
Integrated Tool Carrier 1 750 750 12 9,000 $40.00 $30,000

(Cat 938 size)

Totals 5 8,633 118,350 $326,250
Fuel Cost (US$/L) 0.80
Fuel Cost (US$/a) $94,680
Total Mobile Equipment Cost $420,930 US$/a
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9.3 Estimate Exclusions

The following are excluded from the operating cost estimate:

Supply and placement of raw coal material onto the raw coal stockpile
Mobile equipment capital and ownership costs

Sustaining capital costs and capital improvement projects

Critical or strategic spares

Sampling and analysis

Water supply costs

Maintenance Costs

Operatlng Hours Diesel Consumptlon
Total
Unit Description Qty each h/a US$/h Total US$

$0.57

Heating costs. These are heavily dependant on the final plant location.

Site environmental monitoring and compliance

Security and fencing

Third party plant audits

Research and Development activities and pilot scale test work
Local, State and Federal Government charges

Authority charges such as rail and port charges

Easement and land costs

Owner's management, overhead and executive costs

Taxes, royalties, levies and license fees

Costs of foreign exchange and/or currency hedging

Escalation.

9.4  Operating Cost Estimate Summary

The operating costs are based on the following criteria and assumptions.

Operating hours per annum — 7,400 hours
Annual raw coal feed tonnes (with Flotation) — 740,000 t/a (ad).

Annual product slurry tonnes — 385,000 t/a @ 55% solids (w/w)

US$/ ROM t

Estimated operating costs for the facility are shown in Table 9-6 at an accuracy of +30%.

Table 9-6: Plant Operating Cost Estimate

Annual
Parameter Cost Unit

Feed Throughput 740,000 t/a (ad)
100 t/h (ad)

Run Hours 7,400 h/a

Total Cost, US$

e Labour 4,015,148 US$/a

e Consumables 3,839,463 US$/a

e Maintenance 2,020,355 US$/a
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Annual
Parameter Cost Unit

Power
Mobile Equipment

TOTAL
Total Cost, US$/dry feed t

Labour
Consumables
Maintenance
Power

Mobile Equipment

TOTAL per Dry FEED tonne
TOTAL per PRODUCT SLURRY tonne
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420,930
12,441,981

5.43
5.19
2.73
2.90
0.57
16.81

33.63

US$/a
US$/a
US$/a

US$/t
US$/t
US$/t
US$/t
US$/t
US$/ROM T
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10 Opportunities

Given the conceptual nature of the proposed flowsheet there are a number of opportunities to
investigate possible capital or operating cost savings. These have been summarised below.

10.1 Feed Coal Selection

The selection of a Montana sub-bituminous coal feed results in a relatively low energy value for
the final MRC on a LHV basis despite the intensive level of coal processing to remove mineral
matter. This is due to the impact of the as received bed moisture content in the coal.

It is recommended that alternative sources of bituminous coal be considered which will result in
greatly enhanced slurry energy values on an LHV basis for the same free moisture content
(45%) of the slurry.

It is recommended that the next stage of the study include bench-scale tests to generate
samples of expected product and reject solids, and the resultant samples then be formally
analysed for Ultimate Analysis and CV using a “bomb calorimeter” test to generate confidence
in the final estimates of the energy content of the product and reject streams.

10.1.1 Assessment of Energy Content of Bituminous Coal

To demonstrate the impact that substituting a medium volatile bituminous thermal coal for the
sub-bituminous Montana coal proposed as feed stock the following assessment was undertaken.

The energy calculations of Section 4.2 were re-worked using a typical medium volatile
bituminous thermal coal feed stock from the Hunter Valley in NSW, Australia. This data was
used due to the ready availability of comprehensive public domain coal quality data for such
coals, but use of Pennsylvania or other US sourced medium volatile thermal coals would result
in similar outcomes (subject to sulphur limitations).

An upgraded final micronised product ash of 2% (db) is again assumed, using a similar ultrafine
flotation process to the recent study. Again a 55% solids (w/w) coal slurry is assumed.

Note the convention used for bituminous coals is “air dried” or “ad” basis for analysis of the coal
when it still contains the inherent moisture within the coal pores and on the coal particle surface
when in equilibrium with the laboratory atmosphere. This is the equivalent basis to the “bed”
moisture in sub-bituminous coals. A suitable alternative terminology for both is “as analysed”.

Table 10-1 Ultimate Analysis of 2% ash (db) of Bituminous feed versus Sub-bituminous feed

Bituminous Feed | Sub-bituminous Feed
ad db ad db
C 77.2 79.6 53.3 74.5
H 4.8 5.0 3.6 5.0
N 1.8 1.9 0.8 1.1
S 0.6 0.6 0.6 0.8
C 0.03 0.03 0.01 0.01
Ash 1.9 2.0 1.4 2.0
Moisture 3.0 0.0 28.5 0.0
Oxygen 10.6 11.0 11.9 16.6
100.0 100.0 100.0 100.0
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Table 10-1 Ultimate Analysis of 2% ash (db) of Bituminous feed versus Sub-bituminous
feedshows a comparison of the Ultimate Analysis of the Bituminous coal compared with the
Sub-bituminous coal used for the recent study.

Table 10-2 shows the resultant estimates of energy using the Dulong Equation on both a dry
and ad (or “bed” moisture) basis, and both HHV and LHV basis. This shows that the inherent
increase in energy level on a dry basis due to the greater degree of coalification of the
bituminous coal is further enhanced when allowance is made for the inherent moisture content
of the coal on both an HHV and a LHV basis.

Table 10-2 Comparative Energies for Bituminous versus Sub-bituminous Coals

Bituminous|Sub-bituminous |% change

dry basis HHV kcal/kg 7686 7059
kj/kg 32178 29555

Btu/lb 13843 12715 109
ad basis  HHV kcal/kg 7455 5049
kj/kg 31213 21139

Btu/Ib 13428 9094 148
LHV kcal/kg 7191 4702
kj/kg 30107 19687

Btu/lb 12952 8470 153

Table 10-3 shows the estimated energy values of both the “as sampled” product coal including
inherent moisture, and the 55% solids (w/w) coal slurry.

Table 10-3 Comparative Energies for Bituminous versus Sub-bituminous Coals in slurry form

Bituminous Sub-bituminous
Prodar | Slurryar | Prodar | Slurryar

HHV  kcal/kg 7455 4100 5049 2777
ki/kg 31213 17167 21139 11627

Btu/lb 13428 7385 9094 5002

LHV  kcal/kg 7191 3698 4702 2329
ki/kg 30107 15481 19687 9750

Btu/lb 12952 6660 8470 4195

When applied to the estimates of slurry quantities and so original feedstock required for
generating 619 Mbtu/hr, Table 10-4 shows the significant reduction in both the volume of slurry
fed to the DICE machine as well as the original feed tonnes of feed stock. This assumes the
same yield in the flotation process.

Table 10-4 Estimates of Slurry and Feed stock quantities

Bituminous|Sub-bituminous |% change
slurry Mbtu/hr LHV ar 619 619 100
slurry Btu/lb  LHVar 6,660 4,195 159
slurry Ib/hr ar 92,941 147,572 63
prod coal Ib/hr ad 51,117 81,165 63
PRB feed Ib/hr ad 107,615 170,873 63
PRB feed kg/hr ad 48,805 77,493 63
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10.2

Flotation Top Size

Depending on the sensitivity of flotation efficiency to an increase flotation top-size for a given
coal there exists a possibility to increase this and enable the coal to be upgraded prior to the
final ultra-fine grinding stage.

The flotation process increases in efficiency as the particle size increases due to improved
selectivity between low ash and high ash particles. However, as the topsize approaches 0.5 mm
or greater, the recovery is impaired as the coarsest, low ash particles are readily dislodged from
the bubbles due to turbulence in the froth zone, and report to tailings.

Figure 10-1 shows the results of Limn modelling of increasing topsize to flotation of a naturally
low ash feed in a similar two stage rougher / cleaner circuit to that proposed in the study. For
simplicity, the washability characteristics of each size fraction are assumed to be identical in this
example. It shows both an increase in yield and a corresponding decrease in concentrate ash
as the topsize is increased from 38 microns up to a maximum 350 microns.

Hunter Valley thermal feed - Flotation Only

60 3.0
58 2.8
56 2.6
54 / 2.4
© 52 2.2
o
% 50 2.0 %
= <
48 1.8
46 1.6
44 1.4
42 1.2
40 1.0
0.01 0.1 1
Top Size mm
—0— Yield% Ash%

Figure 10-1 Effect of particle topsize on flotation yield and concentrate ash

This effect for many coals is likely to outweigh any improved liberation at the finer topsizes.

Therefore it is recommended that consideration be given to directing the ball mill product to
flotation so that it can be processed at a coarser topsize to allow for a more efficient and cost
effective flotation circuit, followed by ultra-fine grinding of the flotation concentrate only. This
will have the added benefit of substantially reducing the feed to the ultrafine grinding circuit with
resultant savings in Capex and Opex, reduction in wear, and the generation of a lower energy
value, easier to handle tailings stream for subsequent dewatering and disposal.
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10.3

Pre-scalping low ash feedstock using conventional coal preparation
technology

The generation of micronised coal is relatively expensive and is an energy intensive process
compared with conventional coal processing technology. A significant reduction in overall size
and so cost of the crushing, grinding and beneficiation plant would be achieved by upgrading
the feed-stock by scalping off the lowest density, low ash fractions from a suitable mid volatile
bituminous thermal coal which naturally contains a high level of low ash, low density material.

01 Desliming Screen 02 Primary DMC
Coarse DICE Feed
03 Secondary DMC
\ @ Coarse Thermal Product
04 Classifying Coarse Rejects
Cyclone

N
ﬁl lﬁl Flotation DICE Feed
08 Roughe@tation 09 Cleaner Flotation

Flotation Thermal Product

It

I\ Flotation Tailings

05 Sievgbend

N/
L
F Fines DICE Feed
06 Prim Reflux Classifier

Iﬁl Fine Thermal Product

07 Sec Reflux Classifier

T

Fine Rejects

Figure 10-2 Notional Flowsheet for Thermal Coal Preparation Plant with pre-scalping of low ash product for each

circuit for DICE feedstock

Figure 10-2 shows a notional flowsheet for a conventional DMC/reflux classifier/flotation circuit
with a pre-scalping stage for each circuit to produce a low ash product to be used as 50 mm
topsize feedstock to the micronized coal plant. The second stage of each circuit is directed to a
conventional thermal product.

Table 10-5 shows the results of Limn simulations when processing a Hunter Valley medium
volatile bituminous coal which has naturally low ash (raw ash 11.2% ad excluding mining loss
and dilution).
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Table 10-5 Limn Simulation Results of Scalping / Thermal Coal Preparation Plant

Stream % Feed Ash

Feed Streams |01 Raw Feed 100.0 11.2
01_02 Prim DMC Feed 82.9 11.2

01_04 Class Cyclone Feed 17.1 11.6

05 06 Prim RC Feed 11.7 9.9

04 05_08 Flotation Feed 5.4 15.2

DICE Feedstock |03 DICE Coarse Product 55.2 4.5
07 DICE Fine Product 7.3 3.2

09 DICE Flotation Product 2.9 2.7

DICE Combined Product 65.4 4.2

Thermal Product|03 Thermal Coarse Product 23.2 18.7
07 Thermal Fine Product 3.6 10.8

09 Thermal Flotn Product 0.7 7.5

Thermal Combined Product 27.5 17.4

Reject Streams |02 Coarse Rejects 4.5 55.4
06 Fine Rejects 0.8 66.2

08 Flotation Tailings 1.8 38.1

A combined 50 mm TS product of 4.2% ash ad could be produced at a yield of 65.4% ad plus a
secondary thermal product of 17.4% ash ad at 27.5% yield ad for a total yield of 92.8% ad.
Typically this yield will drop by approximately 7% due to mining dilution, with negligible effect on
the product ashes for the primary DICE streams.

Such a feedstock could then be crushed and ground to ultimately produce a 2% ash (db)
micronised product with additional flotation circuits. Flotation tailings from the final micronized
coal product circuit is likely to have moderate ash levels (say 15 to 20% ash ad if the target 2%
ash concentrate is to be achieved), so may be dewatered and briquetted to produce a useful
addition to the thermal product stream. Hence the only waste streams from the original as
mined feed will be conventional combined coarse and reject streams from the 50 mm TS
preparation plant, with maximum utilisation of overall energy from the resource.

10.4 Technology Selection

The technology selected for the concept flowsheet has been chosen to provide a robust,
efficient operation. Other technologies may also be suitable and provide advantages, however,
would require test work and/or further information to confirm their suitability. Of note are the
following flowsheet items:

e Flotation cells:

— Sedgman C-Cells, an induced air style flotation cell, have been selected as deep froths
with washing are likely required to achieve such low ash products

— Other flotation technologies may be suitable such as mechanically agitated flotation cells
and column flotation cells, however test work is required to determine if they offer any
benefits over the Sedgman C-Cell.

e Fine Grinding Mill:

— The FLSmidth VXP Mill selected for the concept flowsheet was based on low capital cost.
This is a vertical, high intensity grinding mill.

— Alternate suitable technologies are available from Outotec (HIG Mill) and Glencore
Technology (IsaMill). Outotec declined to quote on account of the lack of test work results
in which to design a full scale mill and Glencore used a very high energy requirement
which resulted in a high capital cost. If samples of the feed types could be provided to

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001 Page 44
374



Stdy Report SEDGMAN

these three suppliers then it would assist in identifying which technology provides the
most economical solution.

10.5 Location

The exact location of the plant has not been defined however based on the Powder River Basin
coal geographical origin we have assumed a cold weather, seismic, environment. Therefore,
there exists opportunity to realise savings in structure and ancillaries if the plant were to be in a
more temperate climate. Cold environment plants require enclosure structures and heating to
be installed, as well as insulation/heating of process piping exposed to the external areas of the
plant adding significant capital and operating cost.
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11

11.1

11.2

11.3

11.4

Future Work Plan

Following on from this study the items listed below, in proposed order of testing, should be
included in an ongoing work plan to progress the MRC project. These tests will confirm the
equipment selection and sizing. The exact testing regime will be dependant on the final coal
type/s selected, availability of sample, and test work budget.

Feed Coal Analysis

Carry out analysis on a selection of possible feed coals. A shortlist of possible feed coals with
suitable properties (ash, sulphur, energy levels) could be selected based on known existing coal
quality from different mine sites.

The selection of the preferred coal type is a critical component of any ongoing work as this will

drive the downstream test work, the results of which will determine equipment sizing and final
project costs (capital and operating).

Coal Grain Analysis
Once a preferred coal source, or sources, are identified, Nexant should carry out detailed coal
grain analysis on this coal to determine liberation requirements to reach the required product

ash level. The results of this analysis is critical to both the grinding and flotation equipment
selection.

Crushing and Grinding Test Work
Laboratory scale comminution tests should be carried out on the selected coal to determine the
energy inputs required for crushing and grinding. These tests can be performed by a

metallurgical testing laboratory or by sending samples to equipment suppliers. The following
tests are recommended:

e Drop shatter

e Hargrove grindability

e Abrasion index testing

e Bond crushing work index or JK drop weight test
e Bond rod mill index

e Bond ball mill work index

e Signature plot and/or jar test

Flotation Tests

Flotation tests should be performed on freshly ground coal sample to avoid oxidation of the
particle surfaces which will adversely impact flotation performance. These can be performed as
part of a metallurgical laboratory suite of testing or samples can be sent to different suppliers/
technology providers. These tests will assist in determining:

e Flotation behaviour of ultrafine feed material

e Suitable flotation technology
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11.7

e Suitable flotation circuit configuration to achieve required performance (ash and yield) e.g.
Rougher-cleaner, rougher-scavenger, rougher-cleaner-scavenger

e Reagent dosage required
e Froth carrying capacity
e Wash water requirements

e Froth depth requirements.

The results of the flotation test work may require an iteration of the grinding work to be done.
The coal grain analysis will give a target value for liberation size, however, the variability of coal
feed and inefficiencies of the flotation process may necessitate a finer grind to be performed to
realise the target ash. If this is the case then iterative tests may need to be performed.

Thickening and Dewatering Tests

Both the product (concentrate) and tailings material from the flotation test work would need to
be collected to perform thickening and dewatering testing.

Thickener testing will help to determine thickener size, flocculant type and dosage rates.

Dewatering test work will help to size the dewatering equipment and assist in selection of the
final dewatering technology to use.

Rheology Characterization

To support the sizing and selection of agitators, pumps and piping a range of range of rheology
characterization should be undertaken on the key intermediate and final product and tailings
slurry streams. This testing will provide information on the deformation and flow behaviour of the
slurry compositions expected in the plant.

Pilot Plant Operation

The proposed flowsheet utilises commercially available equipment however for most major
equipment, the application is novel. It is therefore recommended that following the completion of
the above initial laboratory scale analysis, a pilot plant be constructed and operated to provide
an indication of the expected continuous performance. A nominal throughput of 1 ton per hour
should be considered as basis however the throughput will likely be based upon the size of the
equipment available. Often equipment can be leased from one or more laboratory testing
companies or equipment suppliers. Evaluation of a suitable location for undertaking the test
work should consider the proximity to the feed coal, the disposal method for the tailings/waste,
and if the product will be tested/utilised in the same location, i.e. a DICE pilot plant included with
the coal beneficiation pilot plant.

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001 Page 47

377



DICE GT-CRCC Pre-FEED SEDGMAN

Study Report

12 References

Demirbas, A. and Hilal Demirbas. A., 2004, Estimating the Calorific Values of Lignocellulosic
Fuels, Energy Exploration and Exploitation Vol. 22, No. 2, pp. 135-143.

Krevelen, D.W. van. 1993. Coal : typology, chemistry, physics, constitution. Elsevier Science.

O’Brien, G., Firth, B. and Adair, B., 2011, The Application of the Coal Grain Analysis Method to
Coal Liberation Studies, In International Journal of Coal Preparation and Utilisation, Vol 31,

Issue 2, pp. 96-106.

Revision: 1 - 30-Apr-2020

A917-D01-02054-0001 Page 48

378



Appendix A

Flowsheet

379



BALL MILL CYCLONE

CLUSTERS

OVERHEAD CRANE
CN-501

e

GRINDING
CYCLONE CLUSTERS

[ CY-301] [CY-302]

L CY-401] [ CY-402 |

[PLANT WATER

Q

A

ROUGHER

FLOTATION CELLS

| FC-501 | [ FC-502 |

FC-503

LEGEND

T t/h SOLIDS (ad)
Q m¥h WATER
Cw % SOLIDS w/w

COAL SLURRY
PROCESS WATER
PLANT WATER

FLOCCULANT MIXING SYSTEM

FL-901

|
|
|
S BN | I_ _l |
oo\ |y : | O
FE-201 T | 100 T |42 | 7|55 | _&_I | _———
Ta 265 Q [ 331 Q [ 403 ... = _______=2___ i
Cw| 27 Cw| 11 Cw| 12
LT [100 O
Q|6 T [136 T |58
Cw| 54 Q | 160 Q 195 M — =
Cw| 46 Cw| 23 T |48 CLEANER
Q | 685 FLOTATION CELLS
Cw| 7 _I —_— e — ——
/ T 1127 alz03 [F521 ] [FC-522 | —&
BETT [PLANT WATER 73 —
V- Cw| 11 COLLECTOR DOSING PUMPS
. [DP-901] [DP-907 ]
HAMMER MILL
O R-301
T 110 N l—g E - T T T
_ Q| 952 Q| 367
Cw| 1 Cw| 12 — — — — —
= L LI - — _I -&
Q| 490
WT-201 _|'I Cwl| 1 A FROTHER DOSING PUMPS
V=201 | 153 [DP-910 | [ DP-911 ]
alo Q [ 1175
GRINDING T 1|5 l
PROCESS WATER PROCESS WATER Cw| &
SURGE BIN MEDIA BIN Q462 ] ] I o
BN-501 Cwl 1 N |
- 000t
BN-301 || PRODUCT THICKENER TALINGS THICKENER N .
L rEED BOX FEED BOX LL — -&
BX-601 BY-701
DISPERSANT DOSING PUMPS
a/70
PROCESS WATER —_— el — I - = ‘l- - = = = = —$_ - 0 [ DP-930 | [ DP-931]
CRINDING al 1217 | Q1077
\/
MILL THICKENER AREA
CV-301 0T PRODUCT | TAILINGS SUMP PUMP
PTJ?IIJD%ICJ:LTOH\/IVG;EJ%’R THICKENER | THICKENER |—| [PP550] [PPS61]  SEDGMAN _OTHERS
|) TH-601 TH-101
PP-601 |
BALL MILL o\
<) PRODUCT =
(R302 So. IDBOWL | O = [TALNGS >
1236 LCF-60 ] [ Cho60 ] | TAILINGS THICKENER a|%
Q| 236 | | | UNDERFLOW PUMP W
Cwl 50 | I PP-1701
E T | 48 I I
Q|32 H7
Cw| 60 | Ia 8
T3 o I — I l l SEDGMAN _ OTHERS
A Q| 118 PRODUCT TRANSFER |
Cw| 2 CONVEYOR |
(V=601
[PRODUCT ___ >
00 | O (
g gg ] g 1526 / N MM N N I PRODUCT SLURRY ~ PRODUCT \) ;—ig—
cul 36 cul % AGITATION TANK STORAGE TANK OTHERS ool e
| [TK-610 | [PP-610 | [TK620] [TK=630 |
AG-610 [PP620] [PP-630 | —4
{a 2294,
| [AG-620] [AG-630] SEDGMAN
ﬂ—1 ﬂ—t ﬂ—1 LT |58 ﬂ—' T 230 ﬂ—] L T |60 T |50 T3 l—’f
0]188 0261 a0 0 [ 195 a0 Ta [ a0 0 | 976 Q| 150 '(T’W | Tapo GLAND WATER FILTERS ~ GLAND WATER PUMPS
| | | tw| 23 | cwl 12 | Cwl 6 Cwl 25 vl 2 | b | FI-950 PP-950
7] al50
5 —T——- > o— T | >
O al 2294 | al 847 |
BALL MILL CYCLONES FEED GRINDING CYCLONES FEED GRINDING MILL FEED ROUGHER FLOTATION FEED CLEANER FLOTATION FEED PRODUCT SOLIDBOWL FEED SOLIDBOWL EFFLUENT PROCESS WATER PLANT WATER TANK
SUMP & PUMP SUMP & PUMP SUMP & PUMP SUMP & PUMP SUMP & PUMP SUMP & PUMP SUMP & PUMP TANK PROCESS WATER PUMP TK=103 PLANT WATER PUMP
SM-301 SM-401 SM-402 [SM502 ] [PP-501 ] [SM=521] [PP-521] SM-601 SM-602 TK=901 PP-901
[PP-301] [PP-307 | [PP-401] [PP-402 | PP-403 [PP-502 ] [PP=503 | [PP522] [PP-523] [PP-603] [PP-60Z] PP-605
CLENT NEXANT ORAWN [ MW | 08.01.20 PROECT NEXANT PROJECT
CHECKED TITLE
DESIGNED SEDGMAN COAL BENEFICIATION SYSTEM
LEAD ENG
APPROVED
A
DRAWING NO TITLE REV | DESCRIPTION BY DRG CHK ENG CHK DATE APPROVED OR AS
CLIENT DRAWING NO SCALE NTS SHOWN (P RE L|M|NARY PROJECT NO DRAWING NO REVISION
REFERENCE DRAWINGS DRAWING REVISIONS @ | vonotscae | A1 NOT_FOR CONSTRUCTION A917-D01 A917-P-2-1000

@ THIS DRAWING IS COPYRIGHT. NO PART OF THIS DRAWING MAY IN ANY FORM OR BY ANY MEANS BE REPRODUCED, STORED IN A RETRIEVAL SYSTEM OR TRANSMITTED

6 |

380



AutoCAD SHX Text
LEGEND

AutoCAD SHX Text
Cw

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
t/h SOLIDS (ad)

AutoCAD SHX Text
% SOLIDS w/w

AutoCAD SHX Text
m /h WATER

AutoCAD SHX Text
3

AutoCAD SHX Text
PROCESS WATER

AutoCAD SHX Text
COAL SLURRY

AutoCAD SHX Text
PLANT WATER

AutoCAD SHX Text
OTHERS

AutoCAD SHX Text
SEDGMAN

AutoCAD SHX Text
OTHERS

AutoCAD SHX Text
SEDGMAN

AutoCAD SHX Text
OTHERS

AutoCAD SHX Text
SEDGMAN

AutoCAD SHX Text
GM-401

AutoCAD SHX Text
MILL

AutoCAD SHX Text
SM-401

AutoCAD SHX Text
GRINDING CYCLONES FEED

AutoCAD SHX Text
SUMP & PUMP

AutoCAD SHX Text
GRINDING MILL FEED

AutoCAD SHX Text
SUMP & PUMP

AutoCAD SHX Text
ROUGHER FLOTATION FEED

AutoCAD SHX Text
SUMP & PUMP

AutoCAD SHX Text
CLEANER FLOTATION FEED

AutoCAD SHX Text
SUMP & PUMP

AutoCAD SHX Text
PRODUCT SOLIDBOWL FEED

AutoCAD SHX Text
SUMP & PUMP

AutoCAD SHX Text
SOLIDBOWL EFFLUENT

AutoCAD SHX Text
SUMP & PUMP

AutoCAD SHX Text
PROCESS WATER

AutoCAD SHX Text
TANK

AutoCAD SHX Text
PLANT WATER TANK

AutoCAD SHX Text
FC-501

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
100

AutoCAD SHX Text
526

AutoCAD SHX Text
16

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
58

AutoCAD SHX Text
195

AutoCAD SHX Text
23

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
42

AutoCAD SHX Text
331

AutoCAD SHX Text
11

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
58

AutoCAD SHX Text
195

AutoCAD SHX Text
23

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
230

AutoCAD SHX Text
1773

AutoCAD SHX Text
12

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
60

AutoCAD SHX Text
916

AutoCAD SHX Text
6

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
50

AutoCAD SHX Text
150

AutoCAD SHX Text
25

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
3

AutoCAD SHX Text
118

AutoCAD SHX Text
2

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
175

AutoCAD SHX Text
1814

AutoCAD SHX Text
9

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
127

AutoCAD SHX Text
1129

AutoCAD SHX Text
11

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
48

AutoCAD SHX Text
685

AutoCAD SHX Text
7

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
55

AutoCAD SHX Text
403

AutoCAD SHX Text
12

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
10

AutoCAD SHX Text
952

AutoCAD SHX Text
1

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
50

AutoCAD SHX Text
367

AutoCAD SHX Text
12

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
5

AutoCAD SHX Text
462

AutoCAD SHX Text
1

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
5

AutoCAD SHX Text
490

AutoCAD SHX Text
1

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
53

AutoCAD SHX Text
1175

AutoCAD SHX Text
4

AutoCAD SHX Text
ROUGHER 

AutoCAD SHX Text
FLOTATION CELLS

AutoCAD SHX Text
TH-601

AutoCAD SHX Text
PRODUCT

AutoCAD SHX Text
THICKENER

AutoCAD SHX Text
TH-701

AutoCAD SHX Text
TAILINGS

AutoCAD SHX Text
THICKENER

AutoCAD SHX Text
Q

AutoCAD SHX Text
2294

AutoCAD SHX Text
Q

AutoCAD SHX Text
847

AutoCAD SHX Text
Q

AutoCAD SHX Text
261

AutoCAD SHX Text
Q

AutoCAD SHX Text
0

AutoCAD SHX Text
Q

AutoCAD SHX Text
0

AutoCAD SHX Text
Q

AutoCAD SHX Text
50

AutoCAD SHX Text
Q

AutoCAD SHX Text
0

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
3

AutoCAD SHX Text
118

AutoCAD SHX Text
2

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
48

AutoCAD SHX Text
32

AutoCAD SHX Text
60

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
48

AutoCAD SHX Text
40

AutoCAD SHX Text
55

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
53

AutoCAD SHX Text
98

AutoCAD SHX Text
35

AutoCAD SHX Text
Q

AutoCAD SHX Text
1000

AutoCAD SHX Text
Q

AutoCAD SHX Text
897

AutoCAD SHX Text
PP-401

AutoCAD SHX Text
SM-402

AutoCAD SHX Text
PP-403

AutoCAD SHX Text
SM-502

AutoCAD SHX Text
PP-502

AutoCAD SHX Text
SM-521

AutoCAD SHX Text
PP-522

AutoCAD SHX Text
SM-601

AutoCAD SHX Text
PP-603

AutoCAD SHX Text
SM-602

AutoCAD SHX Text
PP-605

AutoCAD SHX Text
TK-901

AutoCAD SHX Text
TK-703

AutoCAD SHX Text
PROCESS WATER PUMP

AutoCAD SHX Text
PP-901

AutoCAD SHX Text
Q

AutoCAD SHX Text
50

AutoCAD SHX Text
FT-950

AutoCAD SHX Text
GLAND WATER PUMPS

AutoCAD SHX Text
PP-950

AutoCAD SHX Text
PLANT WATER PUMP

AutoCAD SHX Text
PP-510

AutoCAD SHX Text
BN-401

AutoCAD SHX Text
MEDIA BIN

AutoCAD SHX Text
GRINDING

AutoCAD SHX Text
CY-401

AutoCAD SHX Text
GRINDING

AutoCAD SHX Text
Q

AutoCAD SHX Text
444

AutoCAD SHX Text
CN-501

AutoCAD SHX Text
OVERHEAD CRANE

AutoCAD SHX Text
CYCLONE CLUSTERS

AutoCAD SHX Text
BX-601

AutoCAD SHX Text
PRODUCT THICKENER

AutoCAD SHX Text
FEED BOX

AutoCAD SHX Text
PRODUCT

AutoCAD SHX Text
SOLIDBOWL

AutoCAD SHX Text
CV-601

AutoCAD SHX Text
TK-610

AutoCAD SHX Text
PP-610

AutoCAD SHX Text
Q

AutoCAD SHX Text
0

AutoCAD SHX Text
DP-910

AutoCAD SHX Text
FROTHER DOSING PUMPS

AutoCAD SHX Text
FLOCCULANT MIXING SYSTEM

AutoCAD SHX Text
FL-901

AutoCAD SHX Text
GRINDING

AutoCAD SHX Text
TAILINGS

AutoCAD SHX Text
PRODUCT

AutoCAD SHX Text
DP-911

AutoCAD SHX Text
DP-901

AutoCAD SHX Text
COLLECTOR DOSING PUMPS

AutoCAD SHX Text
DP-902

AutoCAD SHX Text
BX-701

AutoCAD SHX Text
TAILINGS THICKENER

AutoCAD SHX Text
FEED BOX

AutoCAD SHX Text
GLAND WATER FILTERS

AutoCAD SHX Text
PP-601

AutoCAD SHX Text
PRODUCT THICKENER

AutoCAD SHX Text
UNDERFLOW PUMP

AutoCAD SHX Text
PP-701

AutoCAD SHX Text
TAILINGS THICKENER

AutoCAD SHX Text
UNDERFLOW PUMP

AutoCAD SHX Text
FC-502

AutoCAD SHX Text
FC-503

AutoCAD SHX Text
FC-521

AutoCAD SHX Text
CLEANER 

AutoCAD SHX Text
FLOTATION CELLS

AutoCAD SHX Text
FC-522

AutoCAD SHX Text
FC-523

AutoCAD SHX Text
PP-501

AutoCAD SHX Text
PP-503

AutoCAD SHX Text
PP-521

AutoCAD SHX Text
PP-523

AutoCAD SHX Text
PP-602

AutoCAD SHX Text
CF-601

AutoCAD SHX Text
CF-602

AutoCAD SHX Text
AG-610

AutoCAD SHX Text
PLANT WATER

AutoCAD SHX Text
Q

AutoCAD SHX Text
403

AutoCAD SHX Text
PLANT WATER

AutoCAD SHX Text
PROCESS WATER

AutoCAD SHX Text
PROCESS WATER

AutoCAD SHX Text
Q

AutoCAD SHX Text
8

AutoCAD SHX Text
PRODUCT

AutoCAD SHX Text
STORAGE TANK

AutoCAD SHX Text
TK-620

AutoCAD SHX Text
PP-620

AutoCAD SHX Text
TK-630

AutoCAD SHX Text
PP-630

AutoCAD SHX Text
AG-620

AutoCAD SHX Text
AG-630

AutoCAD SHX Text
Q

AutoCAD SHX Text
1217

AutoCAD SHX Text
Q

AutoCAD SHX Text
1077

AutoCAD SHX Text
Q

AutoCAD SHX Text
2294

AutoCAD SHX Text
PRODUCT TRANSFER

AutoCAD SHX Text
CONVEYOR

AutoCAD SHX Text
PP-960

AutoCAD SHX Text
THICKENER AREA

AutoCAD SHX Text
SUMP PUMP

AutoCAD SHX Text
PP-961

AutoCAD SHX Text
PRODUCT SLURRY

AutoCAD SHX Text
AGITATION TANK

AutoCAD SHX Text
DP-930

AutoCAD SHX Text
DISPERSANT DOSING PUMPS

AutoCAD SHX Text
DP-931

AutoCAD SHX Text
BN-201

AutoCAD SHX Text
FE-201

AutoCAD SHX Text
CY-301

AutoCAD SHX Text
BALL MILL CYCLONE

AutoCAD SHX Text
CLUSTERS

AutoCAD SHX Text
SM-301

AutoCAD SHX Text
BALL MILL CYCLONES FEED

AutoCAD SHX Text
SUMP & PUMP

AutoCAD SHX Text
PP-301

AutoCAD SHX Text
CR-301

AutoCAD SHX Text
BN-301

AutoCAD SHX Text
SURGE BIN

AutoCAD SHX Text
HAMMER MILL

AutoCAD SHX Text
CV-201

AutoCAD SHX Text
CV-301

AutoCAD SHX Text
WT-201

AutoCAD SHX Text
CR-302

AutoCAD SHX Text
BALL MILL

AutoCAD SHX Text
CY-402

AutoCAD SHX Text
PP-402

AutoCAD SHX Text
PROCESS WATER

AutoCAD SHX Text
CV-101

AutoCAD SHX Text
PP-302

AutoCAD SHX Text
CY-302

AutoCAD SHX Text
Q

AutoCAD SHX Text
188

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
236

AutoCAD SHX Text
425

AutoCAD SHX Text
36

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
100

AutoCAD SHX Text
265

AutoCAD SHX Text
27

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
136

AutoCAD SHX Text
160

AutoCAD SHX Text
46

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
236

AutoCAD SHX Text
236

AutoCAD SHX Text
50

AutoCAD SHX Text
Q

AutoCAD SHX Text
T

AutoCAD SHX Text
Cw

AutoCAD SHX Text
100

AutoCAD SHX Text
6

AutoCAD SHX Text
94

AutoCAD SHX Text
Q

AutoCAD SHX Text
70

AutoCAD SHX Text
PROJECT NO 

AutoCAD SHX Text
APPROVED

AutoCAD SHX Text
DATE

AutoCAD SHX Text
BY

AutoCAD SHX Text
REV

AutoCAD SHX Text
DRAWING REVISIONS

AutoCAD SHX Text
DESCRIPTION

AutoCAD SHX Text
TITLE

AutoCAD SHX Text
DRAWING NO

AutoCAD SHX Text
A1

AutoCAD SHX Text
DRG CHK

AutoCAD SHX Text
ENG CHK

AutoCAD SHX Text
DRAWING NO 

AutoCAD SHX Text
C

AutoCAD SHX Text
PROJECT

AutoCAD SHX Text
TITLE

AutoCAD SHX Text
LEAD ENG

AutoCAD SHX Text
APPROVED

AutoCAD SHX Text
DESIGNED

AutoCAD SHX Text
CHECKED

AutoCAD SHX Text
DRAWN

AutoCAD SHX Text
OR AS

AutoCAD SHX Text
SCALE

AutoCAD SHX Text
THIS DRAWING IS COPYRIGHT. NO PART OF THIS DRAWING MAY IN ANY FORM OR BY ANY MEANS BE REPRODUCED, STORED IN A RETRIEVAL SYSTEM OR TRANSMITTED   

AutoCAD SHX Text
CLIENT

AutoCAD SHX Text
SHOWN

AutoCAD SHX Text
CLIENT DRAWING NO 

AutoCAD SHX Text
A

AutoCAD SHX Text
1

AutoCAD SHX Text
DO NOT SCALE

AutoCAD SHX Text
REFERENCE DRAWINGS

AutoCAD SHX Text
2

AutoCAD SHX Text
3

AutoCAD SHX Text
4

AutoCAD SHX Text
5

AutoCAD SHX Text
6

AutoCAD SHX Text
7

AutoCAD SHX Text
8

AutoCAD SHX Text
C

AutoCAD SHX Text
D

AutoCAD SHX Text
E

AutoCAD SHX Text
F

AutoCAD SHX Text
REVISION

AutoCAD SHX Text
B

AutoCAD SHX Text
A

AutoCAD SHX Text
C

AutoCAD SHX Text
D

AutoCAD SHX Text
E

AutoCAD SHX Text
F

AutoCAD SHX Text
B

AutoCAD SHX Text
4

AutoCAD SHX Text
5

AutoCAD SHX Text
6

AutoCAD SHX Text
7

AutoCAD SHX Text
8

AutoCAD SHX Text
-

AutoCAD SHX Text
A917

AutoCAD SHX Text
D01

AutoCAD SHX Text
A917-P-2-1000

AutoCAD SHX Text
0

AutoCAD SHX Text
NEXANT PROJECT

AutoCAD SHX Text
COAL BENEFICIATION SYSTEM

AutoCAD SHX Text
NEXANT

AutoCAD SHX Text
MW

AutoCAD SHX Text
08.01.20

AutoCAD SHX Text
NTS

AutoCAD SHX Text
A

AutoCAD SHX Text
PRELIMINARY

AutoCAD SHX Text
APPROVED

AutoCAD SHX Text
FOR CONSTRUCTION

AutoCAD SHX Text
AS BUILT

AutoCAD SHX Text
PRELIMINARY

AutoCAD SHX Text
NOT FOR CONSTRUCTION


Appendix B

Layout Diagrams

381



131250

92200

TAILINGS THICKENER \ PRODUCT THICKENER \

CLEANER FLOTATION GRINDING CYCLONES

PLOT DATE:3/03/2020 10:59:40 AM File:F:\Working\A917 - DICE\A917 - DICE Layout.dwg - By:Mitch Carter

BALL MILL
| . = = 7 : / , , | .
/ ]
. . 43 \i\ ROM BIN
. an | ‘\\‘\\‘
g [
= ]
5 . | :
p— 7~_ 1 aa
..... i = i [
/ / GRINDING MILL
PRODUCT SOLIDBOWLS ROUGHER FLOTATION
STORAGE
TANKS
o
()
o
(Fp}
o
[Ny}
b=
I
HAMMER MILL
! |
SURGE BIN
60950
CLENT_NEXANT INC DRaWN ___|MDC_|24702/20 PROECT DICE GT-CRCC PRE FEED STUDY
CHECKED TITLE
DESIGNED
— SEDGMAN BENEFICIATION PLANT
APPROVED PLAN VIEW
A PRELIMINARY MDC 24/02/20
DRAWING NO TITLE REV | DESCRIPTION BY DRG CHK ENG CHK DATE APPROVED SCALE SSO'?A/SN (PRELIMINARY PROJECT NO SRAWING NO REVISION
REFERENCE DRAWINGS DRAWING REVISIONS @ | vonoTscae | A1 NOT FOR CONSTRUCTION A917-D01 A917-D1-01-0001_01 A

@ THIS DRAWING IS COPYRIGHT. NO PART OF THIS DRAWING MAY IN ANY FORM OR BY ANY MEANS BE REPRODUCED, STORED IN A RETRIEVAL SYSTEM OR TRANSMITTED

382



AutoCAD SHX Text
PROJECT NO 

AutoCAD SHX Text
APPROVED

AutoCAD SHX Text
DATE

AutoCAD SHX Text
BY

AutoCAD SHX Text
REV

AutoCAD SHX Text
DRAWING REVISIONS

AutoCAD SHX Text
DESCRIPTION

AutoCAD SHX Text
REFERENCE DRAWINGS

AutoCAD SHX Text
TITLE

AutoCAD SHX Text
DRAWING NO

AutoCAD SHX Text
A1

AutoCAD SHX Text
DRG CHK

AutoCAD SHX Text
ENG CHK

AutoCAD SHX Text
DRAWING NO 

AutoCAD SHX Text
C

AutoCAD SHX Text
REVISION

AutoCAD SHX Text
PROJECT

AutoCAD SHX Text
TITLE

AutoCAD SHX Text
LEAD ENG

AutoCAD SHX Text
APPROVED

AutoCAD SHX Text
DESIGNED

AutoCAD SHX Text
CHECKED

AutoCAD SHX Text
DRAWN

AutoCAD SHX Text
OR AS

AutoCAD SHX Text
SCALE

AutoCAD SHX Text
DO NOT SCALE

AutoCAD SHX Text
THIS DRAWING IS COPYRIGHT. NO PART OF THIS DRAWING MAY IN ANY FORM OR BY ANY MEANS BE REPRODUCED, STORED IN A RETRIEVAL SYSTEM OR TRANSMITTED   

AutoCAD SHX Text
CLIENT

AutoCAD SHX Text
SHOWN

AutoCAD SHX Text
PLOT DATE:3/03/2020 10:59:40 AM File:F:\Working\A917 - DICE\A917 - DICE Layout.dwg - By:Mitch Carter

AutoCAD SHX Text
A917-D01

AutoCAD SHX Text
A917-D1-01-0001_01

AutoCAD SHX Text
A

AutoCAD SHX Text
DICE GT-CRCC PRE FEED STUDY

AutoCAD SHX Text
BENEFICIATION PLANT

AutoCAD SHX Text
PLAN VIEW

AutoCAD SHX Text
NEXANT INC

AutoCAD SHX Text
MDC

AutoCAD SHX Text
24/02/20

AutoCAD SHX Text
A

AutoCAD SHX Text
PRELIMINARY

AutoCAD SHX Text
MDC

AutoCAD SHX Text
24/02/20

AutoCAD SHX Text
PRELIMINARY


PLOT DATE:3/03/2020 11:11:57 AM File:F:\Working\A917 - DICE\A917 - DICE Layout.dwg - By:Mitch Carter

10800 80750
FLOTATION GRINDING MILL
PRODUCT
STORAGE / __ H
TANKS ! ! ! ! L
@ SOLIDBOWLS
|
=== TG ot S BALL MILL -
T i I S
F/& /&EM f/ﬁ' 5 — g
ﬂ — T AN T | AN !
= | == 1
N
= Q& 11 1l n - ﬂ}t
S , 111 Al
S ] i : = griS
- - ::"'1 hid had il -
i \ A i I — — hid i A
1))
'.TE
4 AP ' ) | =
L \\ /l P TT 1] - gy - |_| dl . bl | %b I
L 1 L 1 I_il - L 1
CLENT_NEXANT INC DRAWN _ |MDC_ |24/02/20 PROET DICE GT-CRCC PRE FEED STUDY
CHECKED TITLE
= SEDGMAIN |BENEFICIATION PLANT
A PRELIMINARY MDC 24/02/20
DRAWING NO TITLE REV | DESCRIPTION BY DRG CHK ENG CHK DATE APPROVED SCALE SEIO'L\\A/SN (PRELIMINARY PROJECT NO SRAWING NO REVISION
REFERENCE DRAWINGS DRAWING REVISIONS @ | onotscae | A1 NOT FOR CONSTRUCTION A917-D01 A917-D1-01-0001_02 A

@ THIS DRAWING IS COPYRIGHT. NO PART OF THIS DRAWING MAY IN ANY FORM OR BY ANY MEANS BE REPRODUCED, STORED IN A RETRIEVAL SYSTEM OR TRANSMITTED

383


AutoCAD SHX Text
PROJECT NO 

AutoCAD SHX Text
APPROVED

AutoCAD SHX Text
DATE

AutoCAD SHX Text
BY

AutoCAD SHX Text
REV

AutoCAD SHX Text
DRAWING REVISIONS

AutoCAD SHX Text
DESCRIPTION

AutoCAD SHX Text
REFERENCE DRAWINGS

AutoCAD SHX Text
TITLE

AutoCAD SHX Text
DRAWING NO

AutoCAD SHX Text
A1

AutoCAD SHX Text
DRG CHK

AutoCAD SHX Text
ENG CHK

AutoCAD SHX Text
DRAWING NO 

AutoCAD SHX Text
C

AutoCAD SHX Text
REVISION

AutoCAD SHX Text
PROJECT

AutoCAD SHX Text
TITLE

AutoCAD SHX Text
LEAD ENG

AutoCAD SHX Text
APPROVED

AutoCAD SHX Text
DESIGNED

AutoCAD SHX Text
CHECKED

AutoCAD SHX Text
DRAWN

AutoCAD SHX Text
OR AS

AutoCAD SHX Text
SCALE

AutoCAD SHX Text
DO NOT SCALE

AutoCAD SHX Text
THIS DRAWING IS COPYRIGHT. NO PART OF THIS DRAWING MAY IN ANY FORM OR BY ANY MEANS BE REPRODUCED, STORED IN A RETRIEVAL SYSTEM OR TRANSMITTED   

AutoCAD SHX Text
CLIENT

AutoCAD SHX Text
SHOWN

AutoCAD SHX Text
PLOT DATE:3/03/2020 11:11:57 AM File:F:\Working\A917 - DICE\A917 - DICE Layout.dwg - By:Mitch Carter

AutoCAD SHX Text
A917-D01

AutoCAD SHX Text
A917-D1-01-0001_02

AutoCAD SHX Text
A

AutoCAD SHX Text
DICE GT-CRCC PRE FEED STUDY

AutoCAD SHX Text
BENEFICIATION PLANT

AutoCAD SHX Text
ELEVATION VIEW

AutoCAD SHX Text
NEXANT INC

AutoCAD SHX Text
MDC

AutoCAD SHX Text
24/02/20

AutoCAD SHX Text
A

AutoCAD SHX Text
PRELIMINARY

AutoCAD SHX Text
MDC

AutoCAD SHX Text
24/02/20

AutoCAD SHX Text
PRELIMINARY


Appendix C

Equipment List
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Design Installed
Area Cost Centre | Equipment Capacity/Size Power (kW)

Raw Coal FE-201 Feedstock Coal Receival Dump Hopper Feeder

Handling CV-101 Hammer Mill Feed Conveyor 110 t/h 11
CR-301 Hammer Mill 42” x 60” 300
CV-201 Surge Bin Feed Conveyor 110 t/h 11
WT-201 Plant Feed Weigher
BN-301 Surge Bin 100t
FE-202 Surge Bin Discharge Feeder 7.50

Process Plant CV-301 Ball Mill Feed Conveyor 110 t/h 7.50
CR-302 Ball Mill 3.7mx6.75m 1,300
PP-301 Ball Mill Cyclones Feed Pump 55
CY-301 Ball Mill Cyclones Cluster
CY-302 Ball Mill Cyclones Cluster
PP-401 Grinding Cyclones Feed Pump 55
CY-401 Grinding Cyclones Cluster
CY-402 Grinding Cyclones Cluster
PP-403 Grinding Mill Feed Pump 75
GM-401 Grinding Mill 63 t/h 3,500
PP-501 Rougher Cell Feed Pump 75
PP-502 Rougher Cell Feed Pump 75
PP-503 Rougher Cell Feed Pump 75
FC-501 Rougher Flotation Cell
FC-502 Rougher Flotation Cell
FC-503 Rougher Flotation Cell
PP-521 Cleaner Cell Feed Pump 45
PP-522 Cleaner Cell Feed Pump 45
PP-523 Cleaner Cell Feed Pump 45
FC-521 Cleaner Flotation Cell
FC-522 Cleaner Flotation Cell
FC-523 Cleaner Flotation Cell
TH-601 Product Thickener 20mg 7.50
PP-601 Product Thickener Underflow Pump 11
SM-601 Product Solid Bowl Feed Sump
PP-602 Product Solidbowl Feed Pump 11
CF-601 Product Solidbowl 28 t/h 300
CF-601 Main Drive 200
CF-601 Back Drive 100
PP-603 Product Solidbowl Feed Pump 11
CF-602 Product Solidbowl 28 t/h 300
CF-602 Main Drive 200
CF-602 Back Drive 100
PP-605 Solidbowl Effluent Pump 5.50
CV-601 Product Transfer Conveyor 52 t/h 7.50
WT-601 Product Weigher
SA-601 Product Cross Belt Sampler 5.50
AN-601 Moisture Meter 1.00
TK-610 Product Slurry Agitation Tank 35 m3
TK-620 Product Storage Tank 1,000 m3
TK-630 Product Storage Tank 1,000 m3
AG-610 Product Slurry Agitator 15
PP-610 Product Slurry Transfer Pump 7.50
AG-620 Product Slurry Agitator 185
PP-620 Product Distribution Pump 5.50
PP-630 Product Distribution Pump 5.50
AG-630 Product Slurry Agitator 185
TH-701 Tailings Thickener 20m g 7.50

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001
386



Design Installed
Area Cost Centre | Equipment Capacity/Size Power (kW)

PP-701 Tailings Thickener Underflow Pump 7.50
PP-901 Process Water Pump 175
PP-510 Plant Water Pump 45
FT-950 Gland Water Filter 0.37
PP-950 Gland Water Pump 22
PP-960 Thickener Area Sump Pump 15
PP-961 Thickener Area Sump Pump 15
CN-501 Overhead Crane 20t 43
CPP Services FL-901 Anionic Flocculant Dosing System 5.55
FL-901a Polymer Bulk Storage Tank
FL-901b Blower 3.00
FL-901c Screw Feeder 0.37
FL-901d Agitator 1.50
FL-901e Dust Filter Unit 0.37
FL-901f Mixing Tank
FL-901g Dilute Flocculant Storage Tank
FL-901h Heated Hopper 0.06
FL-901i Hopper Vibrator 0.25
DP-901 Collector Dosing Pump 0.55
DP-902 Collector Dosing Pump 0.55
DP-910 Frother Dosing Pump 0.37
DP-911 Frother Dosing Pump 0.37
DP-912 Frother Dosing Pump 0.37
DP-913 Frother Dosing Pump 0.37
DP-930 Dispersant Dosing Pump 0.55
DP-931 Dispersant Dosing Pump 0.55
AD-950 Instrument Air Dryer 1.53
AR-901 Air Receiver
AC-901 Air Compressor 40 m3/h 5
Total Installed Power (kW) 7,141
Total Demand Power (kW)* 5,713

*Total Demand Power based on 80% Utilization Rate
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General Design Basis for Coal Beneficiation

Revision: 1 - 30-Apr-2020
A917-D01-02054-0001
388



SEDGMAN

DICE GT-CRCC Pre-FEED Study

General Design Basis for Coal Beneficiation

O Nexanr

Document No.: A917-D01-04010-DC-0100_B - LR/Ir
Revision: B

Sedgman Canada Limited AMEMBER OF THE CIMIC GROUP

Registration number: AO088793 am
& CIMIC

389



DICE GT-CRCC Pre-FEED Study

General Design Basis for Coal Beneficiation SE DGMAN

Revision Status

MWI/LR Issued for Use 20-Jan-2020 LR
B MWI/LR Issued for Client Information 03-Mar-2020 LR

Distribution

Nexant Haoren Lu 03-Mar-2020
Vancouver Postal Address

Unit 1630 PO Box 26 +1 604 428 8200

505 Burrard St 505 Burrard Street mail@sedgman.com
Vancouver BC V7X 1M6 Vancouver BC V7X 1M6 www.sedgman.com
CANADA

Copyright Notice
Sedgman © 2020

This Document is copyright. Other than for the purposes and subject to the conditions prescribed under the Copyright Act 1968 (Commonwealth), no part of it may in any form or by any means
(electronic, mechanical, micro-copying, photocopying, recording or otherwise) be reproduced, stored in a retrieval system or transmitted without prior written permission.

390



DICE GT-CRCC Pre-FEED Study
General Design Basis for Coal Beneficiation

SEDGMAN

Table of Contents

Nomenclature

1 Introduction
1.1 General
1.2 Scope
1.3 Beneficiation Plant Objectives
1.4 Design Basis Reference
2 Process Design
21 Coal Feed
211 Origin

21.2 Plant Supply
2.2 Product
2.3 Process Parameters
2.4 Utilities and Reagents
2.5 Water Quality Basis

3 Facility Design Criteria
3.1 Site Related Conditions
3.2 Facility Life and Availability
3.3 Facility Construction
3.4 Mobile Equipment Basis
3.5 Structural Design Basis
3.6 Transport and Lifting Design Basis
3.7 Safety Design Basis
3.8 Quality Management

4 Specifications and Standards
4.1 Paint Specifications
4.2 Equipment
4.3 Abrasion Resistant Linings
4.4 Fabricated Platework
4.5 Pipework
4.6 Conveyors
4.7 Valves
4.8 Structures
4.9 Electrical
4.10 Supply and Voltage
4.1 Electrical Materials of Construction
412 Control System
4.13 Control System Specifications and Standards

5 Design Philosophy
5.1 Key Design Objectives
5.2 Health and Safety
5.3 Time Definitions

Revision: B - 02-Mar-2020
A917-D01-04010-DC-0100_B

© ©OW 0 o O N~NOo ahrhsrrbdh D 0OONMNNMNNDMDN -

A A
- O ©

JEE O U U UL Qe i
= g1 W W W NN DNDDN

0N O W W

Page iii

391



DICE GT-CRCC Pre-FEED Study
General Design Basis for Coal Beneficiation

SEDGMAN

Appendices

List of Tables

Table 2-1 MRC Product Specification

Table 2-2 Process Parameters

Table 2-3 Plant air supply conditions

Table 2-4 Instrument air supply conditions
Table 3-1 Site-Related and Meteorological Data
Table 4-1: Relevant Specifications and Standards
Table 4-2: Paint Specifications

Table 4-3: Abrasion Resistant Linings

Table 4-4: Pipework

Table 5-1 Performance Indicator Definitions

List of Figures

Figure 1-1 Bechtel DICE Turbocompound Reheat Facility Diagram (Source:Bechtel)

Revision: B - 02-Mar-2020
A917-D01-04010-DC-0100_B

Page iv

392



DICE GT-CRCC Pre-FEED Study
General Design Basis for Coal Beneficiation

SEDGMAN

Nomenclature

Key Terms, Symbols and Abbreviations
The following terms and abbreviations are used:

(as)

(ad)
(ar)
()
(db)
CAPEX
cCcTv
CHP
CHPP
CPP
CSN
CSR
cv
D&C
DMC
EA
EIS
EOI
EPCM

FS
GST
HazAn
HazID
HazOp
HGI
HHV
JSA
JSO

kt

As sampled (equivalent to “as mined” or “as

received”)

Air dry

As received

Dry

Dry basis

Capital expenditure

Closed circuit television

Coal handling plant

Coal handling and preparation plant

Coal preparation plant

Crucible swelling number

Coke strength after reaction
Calorific Value

Design and construct

Dense medium cyclone

Environmental assessment

Environmental impact study

Expression of interest

Engineering, procurement and construction

management

Feasibility study

Goods and services tax

Hazard analysis

Hazard identification study

Hazard and operability study

Hardgrove Grindability Index

Higher Heating Value

Job safety analysis

Job safety observation

thousand tonnes
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kg/m3
LD
LHV
Limn

LOM
MCC
Mt
Mt/a
NPV
OPEX
PDS
PFS
PLC

ROM
RX
SCADA
SE
SOP
TBS
t/h
TLO
™
uUcCs
uDL
WAP
WBS

Kilograms per cubic metre

Large diameter

Lower Heating Value

Proprietary plant simulation software
package

Life of mine

Motor control centre

Million tonnes

Million tonnes per annum

Net present value

Operations expenditure

Project definition statement
Pre-feasibility study

Programmable logic controller RD Relative
density

Run of mine

Reflux classifier

Supervisory control and data acquisition
Specific energy

Standard operating procedure
Teetered bed separator

Tonnes per hour

Train load out

Total Moisture

Ultimate compressive strength
Ultimate distributed load

Work area pack

Work breakdown structure

ww  Wedge wire screen mesh (parallel aperture)

wt/wt%

Weight for weight %

Page 1
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1 Introduction

1.1 General

Nexant Inc and Bechtel Power and Infrastructure are currently developing an integrated coal-based
power plant concept known as the Coal-Fired Direct Injection Carbon Engine Gas Turbine
Compound Reheat Combined Cycle (DICE GT-CRCC). Currently in pre-FEED study phase, the
DICE GT-CRCC plant is designed to generate a nominal 100 MWe on a net basis. ltis to be
equipped with a CO2 capture plant that captures 90 percent of the total CO2 in the flue gas. The
process requires the generation of Micronized Refined Coal (MRC) as an intermediate product via a
coal beneficiation process and Sedgman has been contracted to develop and cost this flowsheet.

Natural Gas
PM removal
==
r Combustor
Aftercooler b=

Integrally-Geared

Intercooled Hot Gas
Turbo-Compressor SxDICE Expander Stack
h (or Post-Combustion
Capture)

Coal-Water Slurry

Air Bottoming Cycle D El |
(HRSG + ST)

Coal
N Beneficiation Wet FGD + Baghouse
Plant

Natural Gas

Figure 1-1 Bechtel DICE Turbocompound Reheat Facility Diagram (Source:Bechtel)

1.2  Scope
This document outlines the basis for the Coal Beneficiation Facility design which includes:
e Fine grinding
e Flotation
e MRC product thickening and dewatering

e Coal tailings thickening

1.3  Beneficiation Plant Objectives

The following are the general design objectives for the beneficiation plant:

Revision: B - 02-Mar-2020
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Develop a safe, economical, durable, and functional facility to receive, size, process, and
deliver 385,000 metric tonnes per year of a <2% ash (ad) MRC product as a 55% solids /
45% water slurry on a w/w basis.

Modularise the facility structure/layout wherever possible to reduce the footprint and reduce
construction duration.

1.4  Design Basis Reference

The following are the sources for the beneficiation plant design.

1.

Design Basis for Coal Beneficiation, Nexant Inc and Bechtel Power and Infrastructure,
November 22, 2019

Data from Nexant Inc or Bechtel Power and Infrastructure (Client)
Sedgman assumed value based on typical or similar operations
Vendor data or recommendation

Calculated from other data

ASCE 7-16 Minimum Design Loads and Associated Criteria for Buildings and Other
Structures

Revision: B - 02-Mar-2020
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2 Process Design

2.1 Coal Feed

2.1.1  Origin

The design coal is Montana Rosebud PRB coal. The coal properties stated in Table from the 2019
revision of the QGESS document “Detailed Coal Specifications”.

Coal seam nomenclature Montana Rosebud
Coal field PRB, Area D
Mine Western Energy Co.
ASTM D388 Rank Subbituminous
Proximate Analysis® As-Received Dry
Moisture? 25.77% 0.00%
Volatile Matter 30.34% 40.87%
Ash 8.19% 11.04%
Fixed Carbon 35.70% 48.09%
Total 100.00% 100.00%
Ultimate Analysis? As-Received Dry
Carbon 50.07% 67.45%
Hydrogen 3.38% 4.56%
Nitrogen 0.71% 0.96%
Sulfur 0.73% 0.98%
Chilorine 0.01% 0.01%
Ash 8.19% 11.03%
Moisture? 25.77% 0.00%
Oxygen 11.14% 15.01%
Total 100.00% 100.00%
Dry (Dulong
Heating Value'* As-Received calc.)
HHV (Btu/lb) 8,564 11,516
LHV (Btu/lb) 8,252 11,096
HHYV (kJ/kg) 19,920 26,787
LHV (kJ/kg) 19,185 25,810
| Hardgrove Grindability Index 57 |

2.1.2 Plant Supply
Coal is mined and delivered to the run of mine pad (ROM pad) and stockpiled by Others. It is

assumed that the ROM coal is sized at 8 cm x 0 (3" x 0). A front ender loader will be used to reclaim
coal from the stockpile and feed the beneficiation plant.

2.2 Product

The specifications for the MRC product are detailed in Table 2-1.
The facility shall have capacity to store 24 hours production of MRC product.

Table 2-1 MRC Product Specification

I T NS BT

MRC Product Composition
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Moisture
Carbon
Hydrogen
Nitrogen
Chlorine
Sulfur
Ash
Oxygen

MRC Product General

Pos
Pso

Solids content

2.3 Process Parameters

% wiw
% wiw
% wiw
% wiw
% wiw
% wiw
% wiw

% wiw

um
pm

% wiw

45.00
40.87
2.76
0.58
0.01
0.48
1.21
9.09

50
10-15
55

A A Al alalaa A

The parameters in Table 2-2 were used as the basis for the beneficiation plant design.

Table 2-2 Process Parameters

Detal i

Plant Yield

Hammer Mill

Ball Mill

Feed flow
Feed top size

Product size Pso

Feed flow (fresh)

Product size Pso

Ball Mill Cyclone

Feed flow
Cut-point Dso

Grinding Cyclone

Feed flow

Overflow slurry solids

Underflow slurry solids (max)

Standby cyclones in cluster

Product size Pso

Fine Grinding

Feed flow (fresh)
Feed particle size (Fso)

Product particle size (Pso)

Specific energy consumption

Revision: B - 02-Mar-2020
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it
% 50

tph
mm

mm

tph

um

tph

um

tph
% wiw
% wiw
%

um

tph

pm

pm
kWh/t

110
80
13

110
93

110
93

110
11
25
20
93

63
93
17
13
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Hardgrove Grindability Index

Rougher Flotation

Feed flow (fresh)
Carrying capacity
Wash water ratio
Yield

Frother addition rate

Collector addition rate

Cleaner Flotation

Feed flow (fresh)
Carrying capacity
Wash water ratio
Yield

Frother addition rate

Collector addition rate

Product Thickener

Feed flow

Specific settling rate
Solids flux

Underflow slurry solids

Flocculant addition rate

Product Screen Bowl

Feed flow
Solids Capture

Product Discharge Moisture

Tailings Thickener

Feed flow

Specific settling rate
Solids flux

Underflow slurry solids

Flocculant addition rate

2.4  Utilities and Reagents

tph
t/h/m2
%
g/t of fresh feed
g/t of fresh feed

tph
t/h/m2
%
g/t of fresh feed
g/t of fresh feed

tph
m3/h/m?
t/h/im?
% wiw
g/t

tph
%

% wiw

tph
m3/h/m?
t/h/m?
% wiw
g/t

57

246
1.9
1.5:1
55
400
1000

73
1.7
1.5:1
91
400
1000

55
3.9
0.3
25
100

52
95
40

58
3.4
0.2
35
100

The coal beneficiation circuit will require the addition of collector, frother and flocculant reagents.
Collector and frother will be received as a liquid in 1000L IBC containers from which the reagents
will be dosed neat. A vendor supplied flocculant plant will be provided to mix, store and dose

flocculant which will be received as bulk bags of dry powder.

Both plant and instrument air are to be supplied by Others. Plant air will be compressed and cooled
ambient and will be supplied to the beneficiation plant at the conditions detailed in Table 2-3.

Table 2-3 Plant air supply conditions

I S N 7 N
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2.5

Nominal Temperature °F
Maximum Temperature °F
Nominal Pressure psig
Maximum Pressure psig
Minimum Pressure psig

100
120
125
150
100

R\ K U L U I G Y

Part of the plant air will be dried to -40°F dew point for use as instrument air for the beneficiation
plant. Instrument air will be supplied to it at the conditions detailed in Table 2-4.

Table 2-4 Instrument air supply conditions

_-m- Value | Ref. |

Nominal Temperature

Maximum Temperature °F
Nominal Pressure psig
Maximum Pressure psig
Minimum Pressure psig

Water Quality Basis

100
120
100
150
80

_Aala ala

Water supplies for the plant should be clean and generally have the following properties. Failure to
observe these conditions may result in excess maintenance or premature failure of items of the

plant.

The following is a recommended water quality specification which is attainable with relatively

inexpensive filtration treatment equipment:

e pHB6.5-8.0

e Solids content:
— Dissolved: 1,000 ppm (mg/L)
— Suspended: 100 ppm (mg/L)

— 100% of +250 mesh (60 ym) particles removed.

e Maximum individual dissolved ions:

Calcium Carbonate (CaCOs) 10 ppm (mg/L)
Sulphate (SO4) 50 ppm (mg/L)
Chloride (CI) 1,000 ppm (mg/L).

Revision: B - 02-Mar-2020
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3

3.1

3.2

3.3

Facility Design Criteria

Site Related Conditions

The data in Table 3-1 has been extracted from the Client document Coal Beneficiation EOM Design

Basis Rev1

Table 3-1 Site-Related and Meteorological Data

Location

Elevation above sea level
Topography

Site Size

Coal delivery

Gas delivery
Atmospheric pressure

Maximum ambient dry bulb temperature
(DBT)

Maximum ambient wet bulb temperature
(WBT)

Minimum ambient temperature
Design ambient relative humidity
Cooling water temperature
Structural Risk Category
Wind

- Basic wind speed, V

- Exposure Category
Ground snow load, pg
Seismic

- Site Class

- Ss

- S

- MCE PGA

Facility Life and Availability

ft

acres

psia
°F/C

°F/C

°F/C
%
°F

mph

Ib/ft?

Midwestern USA
0
Level
300
Rail
Pipeline
14.7
59/15

51.5/10.8

18/-8
60
60

Il

110

30

0.15

0.05
0.15

y
]
y
y
y
]
]
y

D =W

[e2le)]

(e}

[e>) B> NiNe>Nie)]

The facility will be designed for a 10 year plus life, operating 24 hours per day, 7 days per week.

The facility will be required to operate at 7,400 h/a to meet the required product output.

Facility Construction

The beneficiation plant is to be of a modular construction consistent with the philosophy of the DIE-

GT CRCC concept.
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3.4  Mobile Equipment Basis

The plant has been designed to interface with mobile equipment as listed below.

e Raw coal receival into the ROM hopper for the feeder breaker option is from a front end loader
no larger than a Cat 980 or equivalent.

e Raw coal receival into the ROM hopper for the mobile crushing plant option is from an excavator
no larger than 45 tonnes.

¢ Removal of both product and rejects from the respective stockpiles is by front end loader.

3.5  Structural Design Basis
o Normal building importance category, i.e. ultimate limit state importance factors = 1.0.

e Footing design criteria: The site shall be cleared, prepared and graded by others to meet the
specified finished surface profile as shown on the bulk earthworks drawing. Minimum bearing
capacity is 150 kPa (and minimum ultimate bearing capacity is 300 kPa). Total settlement,
caused by the aforementioned bearing pressures, shall not exceed 20 mm. Differential
settlement across the plant shall not exceed 10 mm. Finished surface level tolerance is
+20 mm, with a surface profile tolerance of 10 mm vertical over 3 m horizontal. All reactive
materials (e.g. expansive clays, etc.) shall be removed and replaced with engineered fill by
others. No allowance has been made for groundwater effects.

e Design live loads for fixed platforms, walkways and stairways:

— Stair treads = 2.5 kPa or 2.2 kN/m or 1 kN
— Handrails and guardrails = 0.35 kN/m or 0.6 kN
— Floor plate = 5.0 kPa or 4.5 kN

e Exposure classification = C1 (as defined by CSA A23.1)

e No provision has been made for the structure to be subject to abnormal loads such as vehicle
impact, cranes or lifting gear, static line systems, etc.

e Welding to CWB certification

3.6 Transport and Lifting Design Basis

For transportation the Plant modules shall not be stacked and must be loaded on the deck of the
ship and truck with nothing stacked above them.

Modules must not exceed the allowable project transport limits. The maximum overland
transportable dimension is 100 feet (30.4m) long by 15 feet (4.5m) wide by 15 feet (4.5m) height
(including carriage height). The maximum equipment height is 13.5 feet (4.1m) assuming using 1.5
feet (1.5m) height low boy carriage. The maximum overland transportable weight is 120 US tons
(108.8 tonnes).

Design parameters that pre-assembled modules may be subjected to during sea voyage and land
transport, and during lifting:

e Sea transport
— Transverse acceleration (generated through roll) + 0.8 g

— Acceleration due to heave (combined acceleration perpendicular to the ship’s deck generated
through direct heave and vertical component of angular acceleration) £ 0.5 g

— Longitudinal acceleration (generated through pitch) + 0.4 g
— Wind speed = 30 m/s
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3.7

¢ Road transport
— Forwards acceleration (from braking) + 0.8 g
— Rearwards acceleration (from accelerating and braking in reverse) - 0.5 g
— Sideways acceleration (from cornering) £ 0.5 g
— Upwards acceleration (from rough roads) £ 0.2 g.
e Lifting
— Module lifting load factors applied to self-weight of structure and pipework, and transport
mass of equipment:
> Load factor = 1.2
> Dynamic factor = 1.35
> Wear and tear factor = 1.0
> Load redistribution factor = 1.1.
— Lifting lug design safety factors applied to hoisted mass:
> Load factor = 1.2
> Dynamic factor = 1.35
> Wear and tear factor = 1.0
> Load redistribution factor = 1.25.

Safety Design Basis

Moving machine parts have been risk assessed to identify those that pose material risk to
operations personnel. The machine parts that pose risk of injury to personnel have been designed
and fitted with suitable guards to ensure safe operation. Guarding of proprietary equipment is to the
manufacturer’s standard.

All equipment has an emergency stop button located within easy access of the equipment.

All knife-gate isolation valves are lockable. All valves are clearly labelled as to their open and shut
position.

Where inspection openings are provided, they include an appropriate means of locking the hatch
open or closed.

Lighting has been provided for all working areas. Emergency lighting with backup power supply has
been provided where necessary. Lighting has been mounted to fixed light mounts incorporated into
the Plant plant structure.

All chute-work has been designed to minimise spillage to areas below.

Over walkways there are minimum vertical clearances of 6.9 feet (2.1 m). Access around pumps
and other equipment is minimal, but sufficient to achieve the required maintenance activities. To
remove specific large processing components that are very infrequently accessed, there may be a

requirement to remove the next levels structure.

All plant and facilities are designed with suitable lifting accessibility to ensure safe working
procedures are practiced when lifting, removing and maintaining equipment.

Handrails and kick-plates are on all walkways and platforms where fall protection is required.

Prominent warning notices for warning of enclosed space, personal protection, ventilation
requirements and other hazards are included.
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3.8

Start-up warning sirens are fitted and clearly audible in all required areas when conveying
equipment is started automatically or remotely from the operator interface. All conveyors are fitted
with suitably located pull wire emergency stop switches.

The fire system consists of fire extinguishers located appropriately around the facility.
Dust suppression sprays are provided where necessary to limit dust emissions.
Washdown hoses for clean-up have been provided in the Plant.

The plant has been designed to vibrate and is not designed for long-term occupation while
operating. Operators may feel discomfort from working within operating plant for long durations.

Quality Management

The plant design will allow for the routine monitoring and control of product quality to ensure
compliance with MRC product specifications. It will provide for process control by continuous
monitoring together with analysis of shift and daily composite samples for the following parameters.
No online analysis ability has been allowed for.

e Moisture

o % Ash

e Particle Top Size
e Rheology

e Calorific value
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4

4.1

4.2

4.3

Specifications and Standards

The plant has been designed and selected in accordance with Sedgman’s typical design processes
for a design life as nominated in Section 1. The CHPP has generally been designed to the
standards detailed in Table 4-1.

Table 4-1: Relevant Specifications and Standards

CHPP Specifications and Standards

Piping Designed generally to ASME B31.3, CSA B51-13

Conveyors Designed generally to ASME B20

Structural Designed generally to Canadian Standards, unless otherwise specified, including CSA
S16.

Concrete Designed generally to Canadian Standards, unless otherwise specified, including CSA
A23.1t0 A23.3

Electrical Designed to IEC Standards and CSA certification

Paint Specifications

Table 4-2: Paint Specifications

Plant Steelwork Two-coat system consisting of a base coat of a 75 um zinc rich epoxy primer and a
topcoat of 200 um high build polyamide epoxy for a total DFT of 275 ym — colour cream

Conveyors Single coat of 75 ym inorganic zinc ethyl silicate primer

Platework Two-coat system consisting of a base coat of a 75 um zinc rich epoxy primer and a
topcoat of 200 um high build polyamide epoxy for a total DFT of 275 pm — colour cream

Pipework Steel pipework — two-coat system consisting of a base coat of a 75 um zinc rich epoxy

primer and a topcoat of 200 um high build polyamide epoxy for a total DFT of 275 ym —
colour cream

HDPE, galvanised pipe — not coated

Proprietary Equipment Manufacturer’s standard specification and colour

Guarding Two coats of 75um epoxy zinc phosphate primer, 75um catalysed acrylic top coat
(golden yellow)

Handrails Two coats of 75um epoxy adhesion promoting primer, 75um catalysed acrylic top coat

(golden yellow)

Machined surfaces, liners, HDPE and stainless steel platework are not coated with any paint
systems.

Equipment

All equipment bearing life (L10) is 30,000 hours.

Abrasion Resistant Linings

Table 4-3: Abrasion Resistant Linings

T
CPP chutework Direct constant impact of coarse particles is lined with dry pressed alumina tiles.
Constant impact of fine particles and dilute slurries is lined with 10 mm Linatex rubber
(or equivalent).
All other surfaces are lined with an abrasion resistant epoxy coating with a 300 pm
DFT.
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4.4

4.5

4.6

CHP chutework Direct constant impact of coarse particles is lined with plug welded Bisplate 400 (or
equivalent).

Fabricated Platework

All chutes, underpans, launders and other associated platework are designed to be fabricated from
6 mm carbon steel plate suitably stiffened to resist all process pressures and duties. All conveyor
skirts items will be fabricated from 2 mm carbon steel plate. All carbon steel chutework is painted
externally and lined or painted internally as appropriate.

Valley angles and surface slopes are sufficient to ensure free flow and complete discharge of
material.

Chute profiles are suitable for the characteristics of the material being handled and designed to be
self-cleaning.

Pipework

Piping has been designed as short and as straight as possible. Flanges will generally be to ANSI
B16.5 Class 150 and installed square to the axis of the pipe.

Valves and fittings are designed to be removable without disturbing significant adjacent piping.

Piping around pumps and equipment requiring service is designed and supported such that the
equipment can be maintained and removed with minimal pipework disturbance or interference.

Piping attached to equipment is designed and anchored such that loads that are transferred to the
equipment do not exceed the manufacturer's allowable loads.

Table 4-4: Pipework

_ 2 80mm nominal bore < 80 mm nominal bore

Pipe API 5L gr B ERW (or equivalent) standard weight or Galvanised steel medium weight to

extra strong ASTM A53 Gr.B, screwed NPT
Joining ANSI B16.5 Class 150 slip on flanges carbon steel Galvanised steel, screwed NPT
Gaskets Full face (true bore) to ANSI B16.5 Class 150, Nil

neoprene rubber
<300mm dia 3mm thick full face
>300mm dia 6mm thick full face

Elbows Long radius 1.5D standard weight (shorter radii may Medium weight galvanised cast iron
be specified where required) to ASTM A126 Gr.A and ASTM A153,
screwed NPT
Bolts ASTM A307 Grade A Bolts
Screwed Fittings Carbon steel screwed NPT
Miscellaneous Standard weight or extra strong butt weld ends Medium weight galvanised steel,
Fittings screwed NPT

Reagents pipework carrying flammable or combustible liquids is in galvanised steel pipe with
welded connections.

Conveyors

All belt conveyors and stackers are open-style structures and have been designed to provide
reliable operation at the nominated capacities. Conveyors have been designed based on normal
operating/starting conditions.
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Plant conveyors and stackers include the following:

e  Three roll 35° trough idlers at nominally 1.5 m centres. Minimum roller diameter is 108 mm.
e  Flat return rollers at nominally 3.0 m centres. Minimum roller diameter is 102 mm.

e 10 mm rubber lagged drive pulleys. Pulley diameters have a minimum diameter of 400 mm.
e  Screw take-up on tail pulleys

e Helical bevel or helical vee belt drive gear boxes

e  Modular skirt panels at loading points

e Single-staged belt scrapers

e  Return belt plough

e Bolt-on guarding at drive and tail pulleys and at skirted areas

e  Fabric conveyor belting with 5 x 1.5 mm ‘N’ grade covers.

Walkways have not been included on plant conveyors and stacker maintenance will be by elevated
work platform.

Stackers are slewing machines capable of operating at set discharge heights. Positioning of the
stackers is by operator controls at each machine.
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4.7 Valves

Type
Valve pressure
rating

Body material

Gate material

Deflection cone/disc
material

Resilient seat
material

Packing material

Flange details

Actuator

Positioner/ solenoid
Valves

Duty
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Knifegate -

Manual/Handle (or
Manual/Chain)

850 kPa @30°C

316 stainless steel full
- lugged

316 stainless steel
28% chrome alloy

316 stainless steel
K-lon, Virgin PTFE or

equivalent

Lugged to suit as ANSI
B16.5, Class 150 - flat
face flanges

Hand wheel c/w chain

Pump isolation

Knifegate - On/Off,
Air Actuated

1000 kPa @30°C

316 stainless steel full
- lugged

316 stainless steel
28% chrome alloy

316 stainless steel

K-lon, Virgin PTFE or
equivalent

Lugged to suit as ANSI
B16.5, Class 150 - flat
face flanges

Double acting
pneumatic cylinder
suitable for operating
valve with a minimum
air supply pressure of
550 kPa

Five-way two-position,
spring return with
manual override
(namur mounted).

Thickener isolation

Butterfly - Float
1000 kPa @30°C

Ductile or cast iron

316 stainless steel

Buna N or equivalent

General purpose wafer
to suit as ANSI B16.5,
Class 150 - flat face
flanges

Counter weighted
design with adjustable
float travel and
puncture proof float.

Sump level control

Butterfly -
Modulating
Control, Air
Actuated

1000 kPa @30°C

Ductile or cast iron

316 stainless steel

Buna N or equivalent

General purpose wafer
to suit as ANSI B16.5,
Class 150 - flat face
flanges

Pneumatic double
acting cylinder suitable
for operating valve with
a minimum air supply
pressure of 550 kPa.

Electro-pneumatic
double acting with
span and zero
adjustments, pressure
gauges, direct and
reverse action with 4-
20 mA DC input control
signal.

Density control

Ball Valve - Manual
1500 kPa @30°C

316 stainless steel,
one-piece reduced
bore.

316 stainless steel

Reinforced PTFE or
equivalent

Reinforced PTFE or
equivalent

Screwed BSP up to 50
mm. Flanged to Table
D for 65 mm and
above.

Stainless steel, vinyl
covered handle

Air injection isolation,
hose point isolation,
pipe drain isolation

Ball Valve - On/Off
Air Actuated

1500 kPa @30°C

316 stainless steel,
one-piece reduced
bore.

316 stainless steel

Reinforced PTFE or
equivalent

Reinforced PTFE or
equivalent

Screwed BSP up to 50
mm. Flanged to Table
D for 65 mm and
above.

Double acting
pneumatic actuator for
operating valve with a
minimum air supply of
550 kPa.

Five-way, two-position,
spring return with
manual override
(namur mounted).

Flushing, fluidising
water isolation
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4.8

4.9

Structures

For the design life nominated in Section 1 to be achieved, it will be necessary for continual and
regular maintenance to be undertaken to protect the integrity of the structure. This may consist of
regular inspections and audits, prompt repair, repainting and replacement to damaged and
corroded sections of plant, structure and foundations as required during the design life.

e Concrete strength grade = 32 MPa (28-day cylinder strength).
¢ Reinforcing steel grade 500 deformed bar, normal ductility conforming to CSA standard G30.18)

e Structural steel grades - Designed to be fabricated from Chinese steel grades Q235B and
Q345B, using Chinese section sizes, or equivalent to meet CSA and CWB requirements.

e Weld quality equivalent to the relevant part of CWB W59, CWB W48.

e Structural steel connecting bolts are galvanised 8.8 grade conforming to ASTM A2329 and
ASTM A325M. All bolts in modules or module components subject to vibration are pre-tensioned.

e Chemical anchors (Ramset 101 or Hilti HIT-HY 200) with galvanised threaded studs (430N/mm?2
minimum tensile strength and 310 N/mm?2 minimum yield strength) installed in accordance with
manufacturers specifications.

e Engineered fill — CBR15 and CBR60 as noted on drawings, compacted to 95% Standard
maximum dry density.

e Flooring is 6 mm thick mild steel pattern floor plate.
e Stair treads are folded 6mm thick mild steel pattern floor plate.
e Handrails for stairs are circular steel sections. Guardrails for floors are steel angle sections.

Electrical
The electrical design, installation and equipment will conform to American Standards.

Field control devices are constructed for operation in a harsh mining environment. All field
instrument transmitters are minimum NEMA 4X rated. Electrical equipment is strategically located
with due consideration to shipping modules.

The electrical installation complies with the National Electrical Code (NEC). NFPA70 and other
applicable standards.

The ground-neutral connection point for the plant is provided with the supply to the MRS processing
plant MCC.

The grounding system includes equipotential bonding of all electrical motors. All MRS motors are
connected to a common MCC ground by an ground core integral to the motor cable and a visible
ground connected to a dedicated ground cable mounted within the cable ladder.

The MRS includes a series of emergency stop buttons used to stop the plant. The e-stop system is
designed to SIL2 as per IEC61508.

Conveyor emergency stop circuits are rated SIL2 as per IEC61508.
The MCC is a plinth mounted outdoor unit constructed to UL Standards. The MCC meets NFPA arc

fault containment requirements in lieu of arc flash detection. Indoor MCC enclosures shall be a
minimum of NEMA Type 1 Gasketed around perimeter of doors. The MCC is enclosed by either a
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painted mild steel outer enclosure or housed within a purpose built shipping container style
switchroom.

The MCC houses VVVF drives for selected equipment. These drives comply with EMC compatibility
levels as detailed in IEC61000.2.4. When connected to a suitable power supply the harmonic levels
at the MCC comply with IEEE519.

Only the main MCC incomer is fitted with ground leakage relays for sensitive ground leakage
protection.

Single-phase small power and lighting circuits are fitted with 30mA sensitive earth leakage
protection.

UPS or battery supplies are included in the MCC to power electrical protection circuits as required.

All power cabling is run directly from the MCC to the motors without interruption. Power cabling to
the motors is Teck cable manufactured to CEC standards. Cables between MCCs and to the
stackers within the CHPP arrangement are laid on the ground surface using 241 trailing cable so
that no trenching is required.

The CPP structure incorporates lightning air terminal, down comer and site-installed ground rods
tied into the building ground system. The lightning protection system is designed with a 45 m rolling
sphere design method as per IEC62305. Local climatic conditions need to be considered during
installation.

Each MCC is connected to ground by two site-installed ground rods.

Lighting will be designed to achieve levels of illuminance generally in accordance with, and no lower
than, the values given in the llluminating Engineering Society of North America (IES). Yard
equipment accessed from natural ground level does not include task lighting. Emergency lights are
provided to allow stair locations to be identified in the event of plant evacuation. Maintained
emergency lights shall only be used if the predicted lamp life is greater than 20,000 hours.

The lighting design incorporated the following design factors:

¢ Fitting cleaning cycle of two months
e Lamp life of 10,000 hours.

All electrical cabling is NEMA measurement standard.

The cabling system is designed with consideration of cable voltage drop. The voltage drop at the
motors is limited to 3% of the LV supply voltage in normal running and 20% under starting
conditions.

Air conditioning is provided to cool the MCC as required, however there is no provision for anti-
condensation heaters.

The MRS has some hazardous areas. Hazardous areas are limited to inside raw coal chutes, inside
raw coal hoppers and flotation reagent areas if included. Installation of electrical equipment in
hazardous areas is avoided. Other areas are not considered hazardous for dust ignition and do not
have combustible dust rated equipment based on the assumption the plant is regularly maintained
to avoid dust layering.

Electrical equipment in the MIBC reagent area is hazardous area rated, and includes screened
cable and thermal protection of motors.
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4.10

4.11

Proprietary plant equipment included within the MRS may have an on board electrical installation
built to the equipment manufacturer’s standard.

Supply and Voltage

The plant design is based on a 480V supply voltage with the following specification:
e Maximum voltage fluctuation 5%

e Average voltage imbalance 0.5%

e Maximum frequency fluctuation +1.0%

e Maximum voltage sag starting 1%

The following voltages are used within the installation:

¢ Incoming supply voltage 13.8kV 3 phase 3 wire 60 Hz

e Medium Voltage MCCs 4,160V 3 phase 3 wire 60Hz

e Low voltage MCCs 480V 3 phase 4 wire 60 Hz

e General purpose power 208 V single phase 60 Hz — Neutral grounded
e Instrument supplies 24 VDC Negative ground

e Control Circuits 24 VDC Negative ground

e Solenoids 24 \VDC Negative ground

e PLC Inputs 24 \/DC Negative ground

e Motor contactors 120Vac - Neutral grounded

The MCC and all installed equipment are rated to a 50kA for one-second three-phase fault level.
The maximum current rating of the MCC at the power supply connection point is 2000A.

The main connection point is designed to suit a maximum connection of 9 x 240mm? cable per
phase.

Electrical Materials of Construction

All cables shall be installed in accordance with NFPA 70. Cables shall be installed neatly with a
minimum of cross-overs while maintaining sufficient bending radius. Unless otherwise agreed to by
the Contractor, no installation of wires and cables shall commence until all construction in the
affected area is completed and until immediately prior to installation of the equipment connected to
the wires and cables.

The cable ladder is of heavy duty aluminium construction. Gland plates are a minimum of 3 mm
brass or aluminium with a gasket seal.

The plant lighting is mounted to steel spigots or mounting plate welded directly to structural steel.
Light fittings are constructed of cast stainless steel construction.

Junction boxes are of polycarbonate or metal construction.
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412

Marshalling boxes used to mount terminals and field /O modules are of 1 mm thick painted mild
steel construction.

Instrumentation in the plant includes one nucleonic density gauge for correct medium control, an
ultrasonic correct medium sump level sensor, manual pressure sensors for cyclone pressure
monitoring and a flowmeter on the thickener underflow. Equipment protection and critical operating
instrumentation as per the manufactures requirements will also be provided.

Control System

A modern control system is provided to control and monitor the MRS. Plant control and monitoring
is implemented using a Programmable Logic Controller (PLC).

Panel mount operator interfaces are used to start and stop the plant in sequence or individual
equipment. The operator interface system communicates with the PLC to allow control and
monitoring of all items of plant and equipment from a central point. The operator interface system
uses a SCADA package specifically configured for the plant. This is the only place that equipment
items can be started from.

System integrity and reliability is maintained by ensuring correct selection and installation of
network equipment and cabling.

The control system PLC is integrated into the MCCs. Additional distributed I/O is mounted in field
mounted I/O boxes local to the process to reduce the requirement for on-site connection of field
instrumentation.

As required each drive has its field or MCC devices wired to the programmable controller for
monitoring and control. Stop buttons, motor overloads and personnel protection devices (such as
conveyor lanyards) are hardwired in a “failsafe” manner into the MCC control circuits for the safety
of personnel.

Within the programmable controller 1/0O racks, modules of each type are grouped together, i.e.
discrete inputs, discrete outputs, analogue inputs, analogue outputs. In some locations, remote 1/0
blocks may be used to reduce control cabling.

All digital and analogue control logic will reside in the programmable controllers. This includes:
o The sequential control and interlocking of all drives

¢ Analogue control of process variables

e Monitoring of digital and analogue field variables

e Alarm and message generation.
All control functions are performed by the PLC controller.
Windows-based PLC programming software is used for the generation of the PLC code.

The SCADA interface is installed on a panel mount display. This interface is capable of being
installed on a windows based PC if required.

Motor currents of selected equipment are monitored by the control system.
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4.13 Control System Specifications and Standards
PLC code shall be generated using control language consistent with that specified in IEC61131.

The proposed 1/0O connection types to be used are:
e Discrete inputs 24 VDC, common negative

e Discrete outputsrelay, isolated

e Analogue inputs4-20 mA

e Analogue outputs  4-20 mA

OIS displays are logically organised to follow the process flow through the plant. The displays
contain a mixture of mimic and tabular information.

The displays and functions provided include:

e An overview mimic configured to contain the basic plant operating parameters, and KPls
allowing plant-wide performance to be monitored from a single display.

e Graphical displays configured to mimic the plant. These graphic displays operate and control the
process equipment and instrument devices.

e Facility to monitor parameters via trend displays.
e Provision to log alarms.

e The control system is capable of interfacing and sharing data with other enterprise business
packages. This connection and configuration is not a standard included.

The control system communicates between the PLC and operator interface hardware via an
Ethernet Network. The Ethernet network connects all MCCs via a cabled connection and is capable
of being connected to a third party network for monitoring and support if required.

The control system is not intended to be connected to existing Ethernet networks without using
equipment that restricts network traffic which turn may affect control system performance.
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3 Design Philosophy

All design will comply with the requirements of the local Acts, Regulations, Rules, By-laws and other
requirements of the United States Government, Local Governments and other Statutory Authorities
and in particular to:

In the case of conflicting information the following descending precedence will apply:
— Statutory Acts and Regulations

— Project Standards

— US Standards

— International Standards.

The facility design will be undertaken in line with Sedgman standard technical specifications. The
cost estimates will be considered as being reflective of these expectations.

All materials used will be new. The materials used will be selected on the basis of the application
(considering wear and corrosion), life cycle, constructability and cost. The materials used will
provide the most effective solution for each application, consistent with past industry history and
design.

5.1 Key Design Objectives

The design will be developed according to the following key objectives:

The design will be based on the use of modern, high capacity equipment with minimal
duplication or redundancy.

The design will include a modern electrical and control system that enables remote monitoring,
automatic control and remote operation of the facility

The facilities will be designed to provide a working environment that is safe and user-friendly for
all construction, operating and maintenance personnel.

The design will facilitate ease of access for inspection, handling, transportation, installation,
adjustment, control, maintenance and repair.

The design will minimise spillage and operational delays during normal operation and provide for
ease of cleaning.

The design will deliver a plant that is highly reliable with appropriately planned and targeted
scheduled maintenance and capable of sustainably achieving benchmark performance when
compared to peers.

The design will allow for change-out of non-consumable items, with repairs and overhauls
typically being done in a controlled (workshop) environment where practical.

All major process components will have direct crane or vehicle access. Mono-rail (or similar) will
be provided to assist with routine maintenance tasks in areas where direct crane or vehicle
access is not possible.

The design will incorporate good ergonomic principles to minimise soft tissue injury risk to
construction, operations, or maintenance personnel.

The design will allow for rapid and simple isolation of plant components on maintenance days,
thereby maximising utilisation of the available scheduled maintenance time. Critical services
such as air, power, lights, and water will be able to operate unhindered.
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Equipment design will provide for simple and effective condition monitoring of all components as
a key facet of the reliability strategy.

Lay down areas will be provided so that maintenance consumables and equipment specific
tooling can be placed in the plant in preparation for maintenance.

Where suitable, routine maintenance tasks such as greasing will be piped to a centralised
location.

The design will incorporate standardisation throughout. The number of different items used
throughout the facility will be kept to a minimum to reduce the size of strategic spares inventories.

5.2 Health and Safety

All plant will be designed with consideration for the safety of the construction, operating and
maintenance personnel.

All plant and facilities will be designed with suitable lifting accessibility to ensure safe working
procedures are practiced when lifting, removing and maintaining equipment.

All machinery hazards e.g. rotating pinch points, and drives, will be physically guarded.
All elevated platforms, regardless of height, will be fitted with handrail and kick plates.

Large-aperture inspection openings will be provided in all chute work and at appropriate places
in machinery with appropriate means of locking the hatch open or closed.

Where possible the plant will be designed to minimise the need to enter a confined space.

Provision will be made for the positive drainage of all areas of the facility, both internal and
external.

All elevated concrete floors will be graded to permanent drains. Inlets in elevated floors are to be
located in positions that minimise interference and obstruction to normal operations.

Critical energised equipment including, without limitation, electrical cabling and stations,
pipelines, pumps, motors, radiation sources, will be located out of reach of impact by vehicles
and mobile plant wherever possible.

Pipelines or equipment which carries high pressure fluids will be designed to protect all persons
from potential fluid injection injuries due to failure or accidental release.

All isolation valves will be lockable and clearly labelled as to the open and shut position.
The plant will minimise the need to manually handle tools, equipment or parts.
The plant will be designed to minimise noise and vibration exposure to personnel.

The design will consider the use of hazardous substances to construct, operate and maintain the
plant.

The plant design will aim to provide fall prevention controls in preference to fall protection.

Access
— Two means of egress will be provided throughout the facility.

— The following vertical clearances will generally be provided around equipment, piping
structures and platforms:

> Major plant roads around facility (excluding haul roads) 4.5 m
>» Dozer walk paths 5.5m

> Over pumps and other rotating equipment Variable
(depending on specific equipment change out requirements — height will be sufficient to
allow equipment to be lifted and removed via appropriate lifting equipment)
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5.3

> Clearance to conveyor gantries — vehicles 4.5 m
(Unless dozers have to pass underneath then) 5.5 m

> Clearance to conveyor gantries — pedestrians  2.1'm

> Facility head height clearance 21m

> A minimum 900 mm clearance will be provided for inspections and maintenance access
around equipment. Reduced local clearances may be permitted provided it does not occur
at access locations.

Doorways will open onto a landing or floor of not less than 900 mm x 900 mm and not directly

onto stairs.

Stairway access will be provided between levels and to inspection and maintenance

platforms. The use of fixed vertical ladders is not permitted.

Noise levels of individual pieces of equipment will be limited to a target of 85 dB(A) at 1 metre.
Noise exposure to employees from the combined operating plant will need to be modelled to
assess the appropriate level of hearing protection (PPE) needed. Standard facility hearing
protection 1 will be required as a minimum.

Air Quality

Fugitive dust will be minimised. Refer to dust suppression provisions in section 12.4.

— All bins and hoppers will be designed to contain (via enclosure) or suppress (via sprays) dust.
— The ROM hoppers will be fitted with a dust hood and water spraying system.

Water Management
— Cleanout / sedimentation pits will be provided at the base of the ROM bins, sizing stations,

reject bin and transfer stations. Local wash-down or run-off will discharge by gravity via the
cleanout / sedimentation pits.

Concrete slabs at the head and tail end of each conveyor to facilitate clean-up in these areas
will be provided. Wash down will report to sedimentation pits before discharging to the site
wide drainage system.

All cleanout / sedimentation pits will be able to be cleaned with an integrated tool carrier (IT
28) or bobcat as nominated.

Hazardous Goods
— All hazardous materials storage and handling will be designed to minimise exposure to

personnel.

All radiation gauges will be located in minimum traffic areas and will ensure compliance with
the Maersk Radiation Safety and Protection Plan. A separate radiation store facility will be
provided for radiation sources. Alternatives to radiation-based instrumentation will be actively
evaluated, with a goal of eliminating or at least minimising the number of sources.

The use of asbestos is prohibited.

Time Definitions

The following definitions of time in Table 5-1 to be used for the Inferno Project.

Table 5-1 Performance Indicator Definitions

Performance Indicator and
Symbol Definition

% Availability (A) The percentage of calendar time the plant was physically

available for work.
A=AT/CT * 100

Revision: B - 02-Mar-2020
A917-D01-04010-DC-0100_B
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DICE GT-CRCC Pre-FEED Study

General Design Basis for Coal Beneficiation SE DGMAN

% Ultilisation (U) The percentage of calendar time the plant was performing its
primary function.
U= OT/CT " 100

Revision: B - 02-Mar-2020
A917-D01-04010-DC-0100_B
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Disclaimer

CSIRO advises that the information contained in this publication
comprises general statements based on scientific research. The
reader is advised and needs to be aware that such information
may be incomplete or unable to be used in any specific
situation. No reliance or actions must therefore be made on that
information without seeking prior expert professional,
scientific and technical advice. To the extent permitted by law,
CSIRO (including its employees and consultants) excludes all
liability to any person for any consequences, including but not
limited to all losses, damages, costs, expenses and any other
compensation, arising directly or indirectly from using this
publication (in part or in whole) and any information or
material contained in it.

419



Table of contents

Glossary 421
1 Overview 423
2 DICE System Design 424
2.1 Conceptual DICE plant...........coociiiiiiiiiiiieiiiiee et 424
2.1.1 Back@round ............oooouiiiiiiiiiiiiieiiee e e a e 424
2.1.2 Engine modifications needed for MRC ...........ccccoooviiiiiiiniiiiiieiee e 427
2.1.3 Fuel specifications for DICE...........cccooiiiiiiiiiiiiiieeeiiee e 433
2.1.4 DICE power plant 1ayout ...........cccciiiieiiiiiiioiiiiee et 443
2.1.5 DICE COSES .eeeuitiieeeeiiiieee ettt ettt e et e et e et e e e saneeee e 447
2.1.6 DICE Performance. ...........cccuuieeeriuiiieeeniiiieeeeiiieeeeeireeeeeseieeeeeenenreeesessseeeasenns 449
2.1.7 DICE [€aININg CUIVE ......ccceriuriieeeiiiiieeeriiiieeeesiteeeesireeeeesnsseeeeessssseeeeassseeeasanes 456
2.2 OPeratioNal STTALEZY .....ccceruviiiieiiiiiee ettt ettt ettt e e ettt e e e ettt e e e et eeeeebbeeeeenees 458
2201 SEATTUD ..ttt ettt ettt ettt ettt ettt e sttt et e et esat e et esnb e e e abe et e enbeennbeennee e 458
2.2.2 Pilot fUCIING ......eviiieeiiiiee ettt e et e e e e 458
2.2.3 SHUL AOWI ..ottt ettt ettt et 459
3 DICE Technology Gap Analysis & Development Pathway 460
3.1 Limitations/adaptation of current engines for DICE ............ccccooiiiniiiiniiiinicenen. 460
3.2 Technical riSKS and ISSUES .......veieriiiieriiieiiiee ettt 465
33 Key R&D requirements for development .............oooeveeieeriiiiieeiiiiiiee e 466
33,1 FUCT R&D ..ot 467
3.3.2 Engine component R&D...........cccciiiiiiiiiiiiiiiiee e 469
3.3.3 LogiSticsS R&D....cciiiiiiiiieiiiee e 470
3.4 Development Pathway .........c..ooiiiiiiiiiiiiiiie et e e 470
3.4.1 Development IMPETatiVES .......cccvuieeerriiieeeeiiiieeeeiiieeeeeieeeeeeireeeeenenreeeeennes 470
3.4.2 De-risking with staged development ............cccceeeviiiiiieniiiiieeniiiiee e 471
3.4.3 Scale UP TISK c..eviiieiiiiiie e e 472
3.4.4 Staged development Programi............cccuieeeeiuiieeeriiiiieeeeiieeeeeiieeeeenieeeeeeenees 472

420



ash

BOP
BTDC
cenosphere
DWI
GW
EERC
FGD
HAM
Heat rate
HFO
HHV
HRSG
JGC

JCF

kW

LHV

MAN
MJ
MRC

Mtpa
MW

MW,
Oo&M

R&M
SAM

SCR
SE
TRL
VM

GLOSSARY

the residue formed after combustion of coal comprising both altered minerals
and organically bound inorganics

balance of plant

before top dead centre

hollow fly ash formed from gas evolution within a molten ash droplet
direct (ie into the cylinder) injection of water

gigawatts

Energy & Environmental Research Centre, Grand Forks, North Dakota
fluegas desulfurization

humidified air motor

fuel consumption expressed as energy content in the fuel (eg kJ/kWh)
heavy fuel oil

higher heating value

heat recovery steam generator

Japanese Gasoline Corporation

JGC coal water fuel

kilowatts

lower heating value (ie without the heat of condensation of the products of
combustion)

MAN Diesel and Turbo
megajoules

micronised refined coal; a generic term being used for coal water fuel
produced by finely milling coal and cleaned by various methods to reduce the
mineral ash content. It is proposed that the feed coal could include any coal,
and hydrothermally treated and dried coals.

megatonnes per annum
megawatts

megawatts electrical

operation and maintenance
pulverised fuel

repairs and maintenance, c¢f O&M

scavenge air moisturisation (sometimes termed charge air humidification), a
type of HAM

selective catalytic reduction of nitrogen oxides to N
specific energy
technology readiness level

volatiles content (as determined by heating to 915°C in a lidded crucible)
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water in fuel (an emulsion formed by high shear mixing of water into fuel
oil), a type of HAM
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1 OVERVIEW

This report provides our current view for the system design of a direct injection carbon engine
(DICE) and a technology gap analysis and development pathway. Specific items covered under
these areas are as follows:

DICE System Design
1. Estimated technical and performance information on conceptual DICE design,
including:
Conceptual engine modifications needed for coal-water slurry combustion

Discussion on specifications of coal-water slurry required for combustion in
DICE

c. DICE machinery equipment dimensions

d. DICE machinery material selection

e. Overall plot layout

f.  Pertinent information needed to enable the development of heat and material

balances and process flow diagrams (PFDs) as inputs for modeling of the DICE
system

g. Conditions and composition of the exhaust gas leaving DICE, including criteria
pollutants such as SOx, NOx, and particulate matter (PM)

h.  Fuel consumption and utility consumption required by DICE

2. Expected Nth-of-a-kind capital cost for DICE and discussion of a pathway towards cost
reduction

3. Discussion on startup, turndown and shutdown of DICE system
DICE Technology Gap Analysis and Development Pathway
This will consist of the following components:

1. A current-state-of-the-art for internal combustion engines and application for firing
coal, including key shortcomings, limitations, and challenges.

2. How the engine modifications made for DICE will overcome such shortcomings,
limitations, and challenges.

3. Key technical risks and issues associated with developing DICE.
4. Addressing perceived technology gaps.

5. R&D that is needed for commercialization by 2030 (including key stages of pilot,
demonstration, and scale-up plans for advanced commercialization).

6. A development pathway description for DICE that will overcome key technical risks
and issues.

7. The need for a DICE pilot-scale demonstration with the size of such a plant justified.

8. Details, if available, of anticipated test plans, including information on ramp-up and
part-load operation, and intended hours of continuous operation.
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2 DICE SYSTEM DESIGN

21 Conceptual DICE plant

The following section details the conceptual DICE power plant based on the current
understanding of the technology, and how large 4-stroke medium speed diesel engines could be
adapted for DICE.

Engine adaptations for coal-water slurry (termed micronized refined carbon or MRC) are
dependent on both the type and speed rating of the engine and the quality of the MRC fuel.

The section includes a short history of DICE development, and to provide further context, an
analogy with water injection and bitumen emulsions recently used in diesel engines.

2.1.1 Background

Base engine choice

Although a wide range of engines has used MRC fuels, including up to 1900 rpm in the earlier
USDOE program, lower speed engines are most suitable:

e Low-speed two-stroke marine type engines (10-100 MW at 90—120 rpm). Note that the
latest super long-stroke versions of these engines (~60 rpm) are considered less likely to
be economic for a land-based generator due to the cost of the alternator, extra weight, and
foundations required.

e Large four-stroke low-speed! engines (20 MW at 400-500 rpm)

Low engine speed is recommended for coal because this increases the time for ignition and
combustion, which reduces the requirement for fine atomization of the fuel. While fine
atomization of slurry fuels is technically possible, this comes at the cost of increased atomizer
wear and thermal efficiency, as it requires lower viscosity fuel (more water) and higher nozzle
velocity.

Low-speed engines also have larger cylinder bores which have two significant advantages for
MRC fuels:

e Allows for longer fuel jets — important for difficult fuels as fuel jets must not impinge on
the cylinder liner, and

e Larger cylinder heads/covers provide more space for a dual injection system.

An additional benefit of the large, low-speed engines is their longevity and tolerance to lower
quality fuels — for conventional diesel engines, this includes the use of residual fuel oils, which
contain up to 0.2 wt% of highly abrasive corundum-like catalyst fines. For MRC, this includes
increased tolerance to mineral ash content, coarser coal top size and, higher viscosity.

The choice of engine will also be site and application dependent. While the low-speed engine
has slightly higher efficiency and lower maintenance costs, the cost of these engines is higher at
nominally $1,300 k/MW compared to $750 k/MW for medium-speed engines. Overall, installed
costs will be location, site, and project-specific.

! Industry nomenclature: low speed <400 rpm, medium speed 400-1000 rpm, high speed >1000 rpm
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Recent developments improve adaptability for coal slurry fuels

Despite being an extremely mature technology, reciprocating engines continue to undergo
development that improves suitability for DICE. These developments should result in higher
thermal efficiency, higher flexibility, and lower capital cost than for conventional coal-based
generation plants. Developments include higher firing pressures (up to 300 bar), electronic
control, more efficient turbochargers, new materials for highly stressed components (valve seats,
cylinder liner coatings, ring coatings, valve seats/sealing for high-speed gas valves). To some
extent, this has been driven by the use of alternative fuels such as biofuels (corrosive), LNG, and
bitumen water fuels. For example, electronically controlled (eg MAN ME type) engines are
implemented as “intelligent engines” with auto-tune ability for individual cylinders — highly
beneficial for maximizing combustion efficiency for MRC.

Figure 2 MAN gas engine generators (20 MW units at 500 rpm)

Manufacturers

A range of manufacturers produce lower speed 4-stroke engines (say 500 rpm), which could
include derating of 600 and 720 rpm engines.
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For large marine-type 2-stroke engines, there are only 3 suppliers - MAN, WING&D and MHI.
All of these 2-stroke engines are produced in SE Asia (China, Korea, and Japan) under license.
Although MAN is presently the only supplier offering large 2-stroke engines for land-based
power generation, other suppliers have expressed interest in producing large low-speed 2-stroke
engines optimized for (constant speed) power generation given sufficient need.

While most manufacturers have had some previous negative experiences with coal fuelling of
engines, all acknowledge that the previous work was undertaken without a high level of
commitment, and none of the programs were completed because the expected scenario of oil
shortages did not materialize or funding ceased.

Future developments will benefit from recent experience with Orimulsion and MSAR
(multiphase superfine atomized residue), previous experiences from the USDOE program for
black coals, and more recently by CSIRO’s R&D for both black and brown coals and chars.

Bitumen-water fuels — an analog for MRC

The use of bitumen water emulsions and slurries in diesel engines provides a good analog for
MRC.

Over the last 25 years, there have been several initiatives to produce bitumen water fuels to
replace HFO in boilers, and these fuels have also been used in diesel engines. Fuels include
Orimulsion produced from natural bitumen and MSAR produced from refinery residue (an
extremely heavy tar) - developed as an Orimulsion replacement for diesel engines. While it is a
problematic fuel, giving both poor ignition and highly abrasive catalyst fines, it is used as a
marine fuel in adapted engines. Also, as the bitumen component of MSAR has a very high
viscosity of >10° mPa.s at ambient temperature, it is essentially a slurry of solid bitumen in water
and thus is analogous with MRC (especially from bituminous coals).

Wartsild has extensive experience with firing Orimulsion into medium-speed 4-stroke engines
(including a 40 MW demonstration power plant at Vaasa, and a 150 MW power plant in
Guatemala).

Humidified diesel engines

A summary of humidified diesel engines is given, as water in fuel is associated with poor
thermal efficiency in steam plants, and is not normally associated with diesel engines.

Combustion of fuel-water emulsions is the oldest and easiest method of reducing NOx emissions
in diesel engines. In this technology, water is added to the fuel and passed through an emulsifier
immediately before injection into the combustion chamber as an effective way of reducing the
flame temperature - thereby suppressing the formation of NOx. An efficiency penalty of ~2% (ie
an increase of 4% in fuel consumption) is incurred for a water/fuel volume ratio of 0.87
(equivalent to ~50% water in fuel on a mass basis) — which is considerably less than if used in a
steam plant.

Direct water injection (DWI)

Several direct water injection technologies have also been used: Wirtsild has used this in
medium-speed engines, and involves injecting water into the cylinder just before injection of the
fuel. Injection rates of 0.4-0.7 kg water/kg of fuel are typically used. Special injectors,
comprising separate water and fuel nozzles, are used. The advantage of this system is that the
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water penalty is substantially avoided as the water spray cools the compressed air charge,
thereby reducing compression work.

Mitsubishi Heavy Industries has developed a more complicated version of water in fuel for NOx
control. This system is called stratified fuel-water injection (SFWI), and it uses a single injector
to inject slugs of fuel-water-fuel sequentially into the combustion chamber to maintain more
extended control of peak combustion temperatures.

DWI and SFWI systems generally give a 70% reduction in NOx for a thermal efficiency penalty
of 1-1.5% points (around 2-3% on a heat rate basis).

Scavenge air moisturization (SAM) is the most favored system for reducing NOx for the larger
low-speed engines and involves humidifying the scavenge air immediately before entering the
cylinder with warm seawater or freshwater injected and evaporated into the hot air from the
turbocharger compressor to saturate the air to the cylinder (around 7-9 vol% water). Wartsila
has a variant of this for large 4-stroke engines, with fogging nozzles introducing freshwater
directly into the charge air stream after the turbocharger, resulting in combustion air with a
humidity of around 60 g water/kg of air (10 vol %). This technique reduces NOx levels by over
70%.

MAN has achieved similar NOx reduction levels by increasing the humidity of the charge air
with seawater. Compressed hot air from the turbocharger is passed through a humidification
tower (a packed bed) that is fed with hot seawater heated by the engine’s cooling system.

Overall developments in humidification have demonstrated that diesel engines can tolerate high
levels of water ingestion (including seawater mist) without a significant impact on fuel
consumption, thermal efficiency, or engine longevity. MDT claims an efficiency of 59% (LHV,
flywheel) for a 12K98 engine with waste heat recovery using SAM (Jensen, 2009). For
stationary power generation, this is equivalent to around 56% sent out basis.

2.1.2 Engine modifications needed for MRC

Overall modifications

Table 1 below gives nominal engine component modifications for both 2- and 4-stroke engines.
The most significant changes are for the fuel supply (ie the low-pressure fuel supply from the
service tank) and the high-pressure injection system.

Table 1 Nominal engine component modifications for DICE

Component 4-stroke 2-stroke

Engine foundations No change

Engine frame, bedplate, | No change

crankcase
Crankshaft No change
Hard coating, optional Hard coating, optional provision
Cylinder liners provision of oil scrapper of oil scrapper grooves to allow
grooves to allow increased increased bore lubrication and
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Component 4-stroke 2-stroke

bore lubrication and flushing | flushing of solids above the
of solids to reduce filtration scavenge ports
load on crankcase lubrication

Piston No change in short term, optimization of bowl shape for MRC
rather than low NOx as required for fuel oil

Rings Hard coating, improved design to improve down scrape of
contaminated bore oil

Exhaust valves No change
Stuffing box - Seal oil protection to eliminate
the ingress of contaminated
cylinder oil
Scavenge box drainage - No change if scrapper grooves
are used in the cylinder walls
otherwise improved drainage
Crankcase oil filtration 200% increased filtration No change, but with separate
capacity; dual systems to centrifuge for reconditioning
allow on-line maintenance, cylinder scrape
separate centrifuge for
cylinder scrape

Fuel supply system A dual system is required: One for MRC and one for a
diesel/fuel oil used for starting, idling and optional pilot injection
(1-5% of heat rate, as is currently used for some gas engines).

The MRC system should provide a small, controlled circulation
flow around the fuel rail and injectors to enable rapid flushing of
the system and to eliminate clogging of the fuel system when the
engine is not in operation. This circulating flow should be down
through the injectors suction valve to the seat of the needle/cut
off valve and should be controlled either electronically or from
the same oil that actuates the fuel pump plunger. The spring-
loaded inertial valves often used with HFO are not recommended
due to the variable flow properties of MRC (shear thinning) and
seat wear.

It is recommended that a twin pump low-pressure fuel system is
used, with one pump controlling the pressure in the circulating
flow, and the other used to control the return flow.

Injection system Seal oil protected sliding surfaces, including the pump plunger
and needle valve. For typical hydrocarbon seal oils, the seal oil
should be maintained at around 120% of the fuel supply pressure
at all times (critical during engine off), and to 120% of the high-
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Component 4-stroke 2-stroke

pressure fuel pressure during injection. This strategy minimizes
seal oil consumption and oil contamination of the fuel return
flow (which, if excessive, can cause coal particles to
agglomerate).

A single high-pressure seal oil system can be used if a water-
soluble seal fluid is used (eg a polyglycol such as UCON)).

Pilot injection Pilot injection is essential for engine conditions where ignition is
less reliable - starting, idle, and shutdown. The amount will
depend on the MRC properties, engine speed, cylinder size, and
whether Miller cycle is used (lowers compression temperatures).
Pilot injection is recommended for engine speeds above 400 rpm,
and at low load.

The electronically controlled pilot injection is essential to allow
fine-tuning of MRC combustion.

Exhaust manifold (low While the fly ash produced from MRC combustion is likely to be
speed 2-strokes) very fine <10um and to remain in suspension, the 20-40x
increase in solids passing through the engine will inevitably
cause ash deposits that will shed periodically as larger grit. A
grit dropout before turbocharger is therefore recommended (as is
sometimes used with residual fuels). Large horizontal exhaust
gas ducting should be provided with a positive grit removal
system (eg bottom auger, chain conveyer, blowers) — especially
for the large main exhaust collector across the top of the engine.

Exhaust turbine No change for ash with aerodynamic diameter <10pum. Possible
use of coated metal for inlet guide vanes.

Waste heat recovery Conventional solid fuel boiler rather than finned heat exchangers
standard for fuel oil or natural gas. A vertical fire tube or
horizontal water tube is preferred to reduce ash clogging. Until
experience is gained to prove otherwise (given the different fuel
chemistry and combustion conditions), access is required for
manual soot blowing with compressed air or steam.

Exhaust gas cleanup The same as used for large land mounted 2-stroke engines using
heavy fuel oils — ESP or fabric filtration, SCR and FGD

Lubrication Adjustment of crankcase oil | Adjustment of cylinder lubricant
base number to match sulfur | base number to match sulfur
content of the MRC and with | content of the MRC. Base
increased detergency to keep | number should take into account
char and ash in suspension. any sulfur reporting to the ash.
Base number should take into
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Component 4-stroke 2-stroke

account any sulfur reporting
to the ash.

Fuel supply system

There have been several fuel supply systems proposed for DICE, which all involve some method
of agitating the fuel in storage, plus a valving system to enable system flushing of the pump and
lines to the injectors. A better system includes a screening system before the main fuel supply
pump and controllable return flow. This system is shown schematically in Figure 3 and operates
as follows:

Fuel is stored in a 12,000 m® service tank sufficient for ten days supply for a 100 MWe
plant. This tank is equipped with either a live bottom or a very slow speed rake-type
agitator (say 1 revolution per hour). Note, that, conventional high-speed tank mixers are
ineffective, giving localised agitation only due to the shear thinning behavior of MRC,
and are energy intensive.

Fuel passes through a pulse screen filtration device before a positive displacement supply
pump. The speed of the supply pump is controlled to maintain the supply rail pressure.
A screen aperture of 350pm would be suitable for an engine with injector orifices of 600-
800um. Various screening devices can be used. However, MRC rapidly clogs filters
with apertures finer than 10-15x the maximum particle size unless pulsed. The purpose
of screening is to allow the bulk of the fuel to pass but trap major oversize particles and
contamination such as flakes of rust, paint efc.

The fuel supply pump is a positive displacement pump (progressive cavity type) which
supplies the fuel supply rail. The speed of the supply pump is controlled to maintain the
supply rail pressure.

Electronically controlled unit injectors are preferred for the MRC (eg HEUI or MEUI
type) to allow closer control of injection timing. The injectors should preferably
incorporate fuel circulation valves, which allow controlled flow of fuel down through the
injector’s pump and preferably down the body of the injector to the needle/cut off valve
seat, and back out to a return rail.

A positive displacement (progressive cavity type) return pump operating in reverse is
advantageous to control the total return flow to the service tank, or in the case of
flushing, to a dump tank. The letdown pump need only be ~10% of the capacity of the
supply pump — which would enable complete flushing of the system within (say)

30 seconds. The speed of the return pump is controllable to set the return flow.
Operating the return pump in reverse reduces shaft seal wear. Controllers should be
tuned to allow dead-heading without damaging the pumps.
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Figure 3 Suggested fuel supply system

Fuel injection system

A range of high-pressure injection systems has been used for MRC, including:

1. Conventional jerk pump (200 bar) - line - media separator (shuttle piston or diaphram) —
nozzle (GE and Cooper Bessemer during the earlier USDOE programs).

2. Hydraulic actuated pump (600 bar) — media separator (diaphragm) — nozzle (CSIRO)

3. Unit injector: Common rail hydraulics (700 bar) — seal oil protected media separator —
nozzle (WING&D/Maersk)

4. Unit injector: Hydraulic ram (150-300 bar) — seal oil protected plunger — nozzle
(CSIRO/MAN)

Although all options have been made to work with MRC, the unit injector-types 3 & 4 have the
advantage of compactness and controllability. Desirable features include:

1) Modular body construction (to facilitate maintenance and component development),
comprising a:

e servo oil valve module containing a high-speed solenoid valve
¢ hydraulic actuator module,

e pump module,

e fuel ring module containing a non-return valve for the fuel inlet

e lower flanged body which contains the usual spring, push rod, nozzle body and cut-
off needle valve.
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2)

3)

4)

)

An automatically (this could also be electronically actuated) operated return valve to
provide positive fuel flushing around the injector between injection events and whilst the
engine is standing. This ensures continuous movement of the fuel, which dramatically
reduces the chance of clogging, enables rapid fuel switching, or system flushing — either
during engine operation or when stopped. Figure 4 below shows the circulating flow
around the injector required to ensure high reliability. This injector shown is an enlarged
version of an injector for a 4L single-cylinder laboratory engine at CSIRO.

All fuel wetted surfaces are provided with seal oil continuously (this can be hydraulic or
motor oil) at a slightly higher pressure than the fuel (say 25 bar).

The fuel pump and needle spindle are provided with high-pressure seal oil during the
actual injection event. The seal oil pressure can be provided by an integral intensifier
pump within the injector’s hydraulic ring, or from an external supply. In the case of the
latter, a two pressure system should be used to reduce seal oil pressure when the engine is
standing, to avoid unnecessary seal oil contamination of the return fuel.

Although MRC has a much higher viscosity than diesel fuel, CSIRO has found that only
a slightly larger orifice size is required (say 10% larger diameter) due to the strongly
shear-thinning behavior of MRC fuels (if correctly prepared). Shear-thinning results in
marked wall slip, which increases the volumetric flow of a nozzle. Experience has
shown that a nozzle size of 500-750um will provide a balance between atomization and
jet penetration for cylinder bores up to (say) 50 cm.
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Figure 4 CSIRO injector showing fuel return circulating flow through the injector

2.1.3 Fuel specifications for DICE

This section discusses the specifications of MRC required for combustion in DICE. An overall
summary of fuel specifications is followed by additional discussion for each of the critical
properties.

Fuel for DICE has significantly different quality requirements than for conventional coal slurry
fuels used in boilers. This difference is because engines have short combustion times (say 30 ms
in engines, versus 1-2 s in boilers), which requires more intense atomisation than for a boiler.
Also, in engines, unburnt char and ash particles will cause chronic engine wear, piston ring
jamming, and even turbocharger erosion. Also, the exhaust system of engines is not designed to
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pass significant ash — which for DICE could be 30x that of even the lowest quality residual fuel
oil.

In DICE, it is paramount that the fuel 1) gives a high degree of atomization during injection
(which ensures rapid ignition, combustion, and complete burnout), 2) forms minimal abrasive
ash particles, 3) has the highest coal solids loading. These requirements will be strongly
interdependent, and also be strongly influenced by the size of the cylinders, engine speed, and
the extent of engine armoring. Overall properties include:

e Low abrasive mineral content — to minimize injector nozzle and cylinder/ring wear
especially.
e Coal particle size distribution with a d50 of <I5um and a d90 <60um to ensure burnout.

e High coal content to minimize latent heat losses from fuel water — subject to meeting
viscosity specifications.

e High stability of formulated fuel to prevent settling in the fuel handling equipment, as
well as ease of transport and storage.

e Strongly shear thinning behavior to allow injection and effective atomization — essential
for controlled heat release and to minimize unburnt char.

e Resistance to microbial action — some slurry fuels are prone to bacterial degradation,
which can affect both stability and shear thinning behavior — in addition to increasing
OH&S concerns.

Nominal target specifications, based on both literature and recent engine experiences are as
follows:

e Ash content <2% (dry coal basis)
e Residual mineral size <15um and preferably <Sum
e Coal particle size distribution giving a d50 of <15um and d98 <50pum

e Coal content of the fuel should be as high as attainable, while still meeting the following
nominal rheology targets:

- >10,000mPa.s @ 0.1/s

- <400 mPa.s @ 100/s

- <100 mPa.s @ 10,000/s and be shear thinning at higher shear rates
e Specific energy >18 MJ/liter
e pHof3.5-8.5

e Stable — say exhibiting no settling (coherent cake on the bottom surface) over 90 days
when stored in a sealed 500 mL measuring cylinder at (constant) ambient temperature.
After 90 days, all MRC should drain from the upturned measuring cylinder.

Experience has shown that, while individual properties can be readily met, achieving a balance
between all properties is more difficult. For example, a high SE fuel can be produced by
increasing the solids content, which will have the advantage of also increasing fuel stability.
However, this will also increase the viscosity and may cause shear thickening behavior, which
will make the fuel very difficult (even impossible) to inject, resulting in poor atomization. The
resulting large fuel droplets (containing many smaller coal particles) will likely dry to form a
single large coal agglomerate, resulting in slower ignition and incomplete combustion. This will
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invariably lead to chronic ring jamming by char. The resulting flash from poor atomization is

also likely to be larger due to the interaction and fusing of fine mineral grains and organically
bound ash forming components within the coal. These interactions are discussed in more detail

below.

Coal loading

Coal loading has two main effects, 1) strongly affects fuel viscosity — especially at higher coal
loadings (say >55 wt%), and 2) water reduces the calorific value of the fuel and increases the
latent heat penalty.

It is important to note that while the effect of coal loading on calorific value is linear, the effect
on viscosity is exponential at higher coal loadings (say 57wt% for bituminous coals, and above
53% for sub-bituminous coals — depending on the shape of the size distribution). This rapid
increase in viscosity means that the maximum coal loading is usually dictated by the highest
viscosity - which ensures satisfactory atomization.

Coal particle size

As a guide, at 500 rpm, around 30 ms is available for combustion, and practical experience
suggests that a coal top size of 50-60um will give satisfactory combustion with minimal unburnt
char in the exhaust — providing atomization is sufficient. Sub-bituminous coals (higher oxygen
content, more reactive chars) and lower speed engines are likely to allow a coarser tail in the size
distribution.

However, there are several other factors that need to be considered, as the particle size
distribution of the coal in the MRC strongly affects the fuel’s rheology for a given coal loading,
and therefore its atomization, ignition, and combustion. The particle size distribution also affects
the degree of mineral liberation during fuel preparation and the size distribution of liberated
minerals in the final fuel.

In general:

A wide size distribution allows a higher particle packing efficiency, and therefore coal
loading (this can be calculated), which improves thermal efficiency and fuel stability, and
reduces fuel transport costs.

An optimum coal loading and wide particle size distribution should give a high low shear
viscosity (essential for fuel stability in storage) and shear thinning behavior, which
enables injection and atomization. Coal loadings above the optimum rapidly cause shear-
thickening fuel, which causes fuel system clogging and poor atomization.

Both the quality of atomization and the coal top size affect the effective size of the coal at
the time of ignition - which in turn determines the time for combustion. Finer grinds may
not be better: For example, overly fine grinds can increase fuel viscosity and result in
poor atomization. Subsequent agglomeration of the coal during heating, and before
combustion, results in a coarser effective coal particle size distribution than that of
dispersed particles.

In general, the slower the engine, the larger the allowable top size; however, this also depends on
the devolatilization behavior of the coal under the extremely rapid heating and intense
combustion intensity in an engine. Combustion intensity can exceed 5 GW/m® — around two
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orders greater than for pf combustion —some coals are likely to exhibit a large enhancement in
volatiles yield, which gives faster ignition and combustion. Overall, combustion data for coal in
engines is lacking, and existing data for pulverized coal firing is likely to be misleading for
DICE.

Coal volatiles

Although there is no literature information on the effect of coal volatile content, with previous
engine experience using only medium to high volatile coals (28-40%), higher volatile coals are
expected to give improved ignition and combustion. However, the standard method of
determination of coal volatiles (the Proximate analysis) will underestimate the effective volatiles
content under the extremely rapid heating rates of atomized MRC and the high pressures in
diesel engines (which can exceed 150 bar at the start of injection). The morphology of the
resulting char is also likely to be very different than that for conventional pulverized coal
combustion in boilers, and more akin to that in slurry fed gasification.

The effects of volatiles on ignition and combustion are also affected by the oxygen content of the
coal. For example, CSIRO has found that low volatile chars (carbonized at 850°C and
containing around 5% volatiles) require 40°C higher charge temperature to achieve the same
ignition performance as a 30% VM bituminous coal, and hydrothermally treated Victorian brown
coal (45% VM and with 25-27% O) giving an ignition temperature 60°C lower. Note that with
these low rank coals, a significant proportion of the volatiles content is CO2 and H>O).

Ash content

Ash is the residue after complete combustion, and comprises altered mineral particles from the
extraneous ash components, plus finer particles from condensed, oxidized and sulfated
compounds formed from the fine, organically bound and mineral particles contained within the
coal particles. As the latter interact during burnout of the char, these particles are usually a
complex mixture of aluminosilicates and sulfates depending on the coal.

After combustion in a diesel engine, all mineral particles below 10um size are spheroidized,
including quartz. However, even highly fused ash particles have the potential to cause cylinder
wear unless the diameter is less than the minimum oil film thickness (1-2um). Larger sand
particles will be most problematic.

For low rank coals and wood chars, the ash also comprises ultra-fine micron size particles
formed from the volatilized ash components. Cenospheres have also been observed (see Figure
5). Neither the submicron fume nor the cenospheres are likely to cause abrasive wear.
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Figure 5 SEM images of cenospheres from DICE using a hydrothermally treated Victorian coal
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The wear implications of ash require that a detailed investigation of the occurrence of the ash
forming constituents of the target coal is undertaken to understand the ramifications for engine
wear. This also requires collecting fly ash from either an engine or an appropriate high-pressure
spray combustion chamber.

The present understanding of ash-engine interactions is that:

e Coarse (say, >5um) and hard minerals (quartz, pyrites, rutile) in the fuel will increase
abrasive wear of the atomizer nozzles, rings, cylinder wear, exhaust valve seat, and the
turbocharger turbine inlet vanes and rotor.

e Ash residues can also deposit in the oil film on the cylinder wall and be scrapped by ring
action to pack in the piston ring grooves behind the ring — a potentially serious condition
leading to catastrophic scuffing.

Although these issues could theoretically be eliminated by using harder material and changing
the design of engine componentry, all previous DICE projects have been on the basis that DICE
requires cost-effective production of ultra-low ash coals - the cleaner, the better.

However, coal specifications for commercial deployment of large diesel engines remain to be
established, and in particular, there is a lack of data linking engine wear to ash content and the
morphology of the mineral content. Also, there is no information on the trade-off between
processing cost, fuel ash, and engine component and maintenance costs. For example, abrasive
wear can only occur if the abrading particle is 30% (approximately) harder than the underlying
material. For coal ash, the dominant hard material is usually quartz with a hardness (Vickers) of
around 11 kgf/mm?, showing that a wide range of commercially available ceramics could be
used to prevent abrasive wear (Figure 6 below) — provided that they can be incorporated into an
engine.

100 Diamond
90
80
70
60
50 Boron nitride

40

Vickers hardness (kg/mm?)

Boron carbide

20 Tungsten carbide
g Minimum hardness to prevent

abrasive wear by ash

} Coal minerals/ash

10 Nitrided steel

Castiron

Figure 6 Hardness of materials relative to coal ash
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The earlier USDOE work generally concluded that coal with 2-3% ash would likely be suitable,
thereby enabling the use of physically cleaned coals (as distinct from more costly chemical
cleaning). In recent studies with MAN and WING&D/Maersk, the target ash was <1.5% with a
maximum of 2%, noting that this limit was set by available fuel quality and the use of
unarmoured engines, rather than based on a sound techno-economic basis. Also, these targets
were set with little consideration of the type and morphology of the starting mineral matter —
mostly due to limited capacity to produce tonnage fuel required for the large engine tests
involved. The morphology is very significant, as recent wear tests (using a modified HFRR?
test) by CSIRO has shown that oils contaminated with fine ash from lower rank coals decreases
wear of hardened steel by up to 30%. For tungsten carbide HFRR components, there was a
negligible difference between clean and contaminated oils regardless of the mineral type.

Overall, the lack of data has caused a divergence of philosophies between the engine
manufactures and the coal industry, which has hampered DICE development. To generalize, the
engine manufactures have required that the fuel should be made to match the (current) engine
componentry, whilst the coal suppliers have pressed for armored engine componentry to allow
higher ash MRC. This dilemma requires that a full-size DICE facility (including fuel preparation
plant) are established to allow longer-duration engine trials with armored engine componentry,
and for a range of MRC quality. Quantifying the effect of ash on engine componentry costs,
durability, and other R&M issues would result in a scientifically based coal quality value model
needed to progress the technology.

Sulfur

Large diesel engines designed to operate with heavy fuel oil can tolerate relatively high sulfur
fuels (>2%), providing cylinder lubrication uses the appropriate lubricant (ie base number) to
avoid an acid attack of the cylinder walls. As MRC will require deep cleaning of coal, sulfur
levels of the proposed Powder River Basin coals should not be a problem — even if S containing
dispersants are used for fuel formulation (eg sodium polystyrene sulfonate).

AlKkalis

While alkalis are a significant issue for coal-fired boilers (nominally, for Na,O:Si0; ratios >0.04,
or in the presence of high S and Cl), to date, there is no evidence that alkalis are an issue for
DICE. Recent CSIRO experience with a chemically cleaned coal (a caustic ash removal process)
with a high Na:SiO, ratio showed negligible ash deposits after 40 hours at full load of a 4 litre
single-cylinder test engine — see Figure 7. Other indirect evidence is from marine engines, which
show no cylinder fouling despite ingesting salt spray (from humidification or aftercooler leaks).

2 High frequency reciprocating rubbing test (a lubricity test)
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Figure 7 Head valves after 40 hours of full load operation using MRC produced from Yancoal
UCC (courtesy Yancoal)

It is surmised that the lack of ash fouling is a result of the large pressure swings (> 100 bar) for
each engine cycle, which regularly mechanically sheds the porous particulate ash deposits
(ie deposit panting).

Viscosity/rheology

Fuel rheology has been largely overlooked in previous RD&D programs to use coal for diesel
engines, other than to ensure the fuel’s viscosity was sufficiently low to enable injection without
nozzle clogging. However, in the recent CSIRO studies, fuel rheology was a major focus due to
other important interrelated effects - ignition, burnout, and both injector and cylinder wear.

In general, the coal content must be maximized (at least 50%, and preferably >55%) to reduce
latent heat penalty - but also while meeting the following rheological targets:
e High viscosity at low shear rates (say 10,000 mPa.s @ 0.1/s) is essential for good
stability.
e Rheology that is strongly shear thinning, and
e Viscosity of <400 mPa.s @ 500/s to ensure good injectibility and atomisation.

These specifications are very different to that of coal water slurries for boilers, which have a
higher coal loading and much higher viscosity at higher shear rates (including being shear-
thickening rather than thinning). This difference in rheology is clearly apparent when the
different fuels are poured from a beaker — see Figure 8 below.
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Figure 8 Fuel rheology. Left, coal water fuel for a boiler by JGC; right, MRC for DICE

The first 2 requirements above — stability and shear thinnng - are the most important attributes,
as fuel stability is essential to producing a fuel with the correct rheological properties for DICE:
Stable and shear thinning fuel (providing the calific value is high enough) will always makes a
good engine fuel — which can be thinned if necessary prior to injection with trim water additions.
However, the reverse is not always the case: Highly injectable fuels will not automatically
exhibit good stability. Strongly shear thinning fuel (correlates with good stability, handling,
injectability, atomisation - and ultimately good combustion and reduced wear issues from
unburnt char packing behind piston rings.

Unstable fuel is particularly problematic, regardless of how well it injects, due to the formation
of deposits in fuel handling equipment, which, at worse will clog fuel injector nozzles, or at least
increase the effective particle size of the fuel entering the combustion chamber leading to poor
combustion and char issues. Once MRC forms a hard pack deposit due to poor stability,
mechanical means are required for its removal.

Figure 9 below shows nominal rheology plots for good, and poor MRC fuels.
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Figure 9 Nominal MRC rheology for a good and poor fuel
Stability

Fuel stability, or lack of build-up of sediment in fuel containers with storage, is essential to avoid
serious operational issues from blockages, plus secondary effects described in the rheology
section above. An unstable fuel is unacceptable for DICE.

Most established stability tests only require stability over relatively short periods (say) 1 week —
this is too short. CSIRO work is aimed at 100% stability for >1 month, and preferably >6
months. This testing period is much longer than specified by most stability tests for coal water
fuels for boilers. It is noted that some bulk slurries produced to this specification have been
completely stable with negligible sediment for more than 2 years.

In general, lower rank coals will provide more stable fuels.

Control of microbial activity

Microbial activity in the fuel has the potential to destabilise the slurry, in addition to causing
safety concerns. However, CSIRO experience with MRC fuels from 48 coals from Australia,
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Venezuela, Indonesia, and Germany have shown no evidence of microbial activity — except for a
single NSW coal slurry prepared by others. Microbial activity has however, been observed with
MRC produced from low-temperature chars — see Figure 10.

Figure 10 Microbial activity on pine char slurry after 205 days

2.1.4 DICE power plant layout

The base engine specified for the concept DICE plant is the MAN 48/60 TS — see Figure 11.

Although the model is being replaced with a revised model, the 48/60 engine was chosen for the
present study as the type is highly efficient with a 2-stage turbocharging system, and with over
800 units installed since the product was launched in 1988 — for both power generation and
marine propulsion. The choice of this engine has not been endorsed by MAN.
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Figure 11 MAN 48/60 TS’

A nominal plant layout based on five of these engines (ie 100 MWe) is shown in Figure 12 —
with a description of key plant is given in Table 2 below the layout.

3 https://powerplants.man-es.com/products/liquid-fuel-engines/18v48-60ts
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Figure 12 Nominal plant layout for 100 MWe
Table 2 List of key plant
ID Comment
ST1-4 Storage tanks 12,000m’ each - each sufficient for 10 days at full output

Fuel treatment plant to enable screening, and optional reconditioning of off-line
FT tanks for out of specification fuel, including dosing pumps for additives to trim
for water content, additives, biocide

DI1-5 DICE engines with generators, 5x 20 MWe

HRSG Heat recovery steam generator

STG Steam turbogenerator

FF Fabric filtration

FGD Optional flue gas desulphurization unit

SCR Optional denitrification by selective catalytic reduction

S Stack

CT Cooling system, dry cooling via radiator banks using a combination of natural

convection and forced draft

WTP Water treatment plant for steam plant and coolant makeup
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ID Comment

AS Ash storage, elevated hopper, by-product for pozzolanic uses

DR Desulphurization reagent bin

GS Gypsum dump

SY Switchyard

S&EQ Stores and mobile equipment pool

WKSP Engine workshop

OB Office block

CR Control room

SP Settling pond for runoff and washdown
Utilities

The utilities for DICE will be very similar to those for a land-mounted low speed 2-stroke diesel

engine power plant requiring full exhaust gas cleanup, with allowances for the differences in fuel
handling — noting that heavy fuel oil installations also require power for tank agitation, plus high
speed centrifuges and heated fuel lines. For DICE, freeze protection of fuel storage and handling
equipment will be required.

Table 3 below gives a breakdown of nominal parasitic load for a DICE installation, which

amounts to around 2% of power output at the generator terminals.
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Table 3 Nominal plant parasitic loads

Plant Description Attribute Power
(kW)
DICE specific
Fuel tank agitation Live bottom 4 tanks 20
Fuel delivery pump Progressive cavity 25 bar, 14.5 L/s, 65% effic 57
Fuel return pump Progressive cavity Letdown only, 1.5L/s 5
Fuel stainer Pulse strainer 5
Exhaust ID fan | Centrifical, exhaust gas System AP 15kPa, 80% 60
cleanup pressure drops effic
Normal auxiliaries Cooling system 2000
HRSG pump (typically 2%
Ventilation of total output)
Lighting
Control/offices
Total 2147
2.1%

2.1.5 DICE costs

DICE costs have been estimated for an Nth-of-a-kind installation, and includes a discussion of a
pathway towards cost reduction.

Given that most of the plant is very similar, the installed costs of DICE are likely to be similar to
those for a plant fuelled by HFO that is equipped with FGD, SCR and particulates control
(around $1M/MW) - noting that all 3 emissions controls are normally only used for large
generating plant using low speed 2-stroke marine-type engines using the heaviest of fuel oil.

The main differences in plant costs for DICE would be:

e Larger bunkering (MRC fuel has only half the volumetric energy content of HFO)

¢ Differences in fuel pretreatment — MRC would not require preheating (except to

prevent freezing), nor the installation of expensive precleaning centrifuges and screen
filters — instead self-cleaning pulse filters would be installed to remove extraneous
material (eg rust flakes)

e Increased crankcase oil filtration capacity to cope with additional ash and unburnt

char

e Armored engine components — fuel pump valves, atomizer valves and nozzles, piston
rings, turbocharger inlet nozzles
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e Dual fuelling, with a smaller diesel injection system used for starting, warmup and
(probably) pilot assisted ignition

e The addition of a grit dropout cyclone before the turbocharger turbine (this is not to
collect fly ash or char, but rather flakes of ash deposits which will be continuously
shed from the cylinder head and piston.

Previous work has estimated that these changes and additional equipment would add around 20%
to the installed cost for a commercial installation, but this would also be dependent on R&M.

R&M will be higher for DICE - as it is for residual and heavy fuel oils compared to lighter diesel
fuels. However, this will be highly dependent on the use of premium quality components, with
higher initial outlay resulting in lower R&M.

Both capital cost and R&M are expected to decrease significantly as experience is gained with
DICE — and its associated fuel cycle — from coal in the ground through to generator terminals
and the stack:

The learning rate for DICE should be steeper than for the highly mature base technology
— the diesel engine — and be driven more by that of new component technology.

Research and development will be critical to driving down costs — both through
incremental improvements (eg nano boron-nitride or polycrystalline diamond for wear
critical components) and step change technology (eg blast atomization — lower nozzle
wear, higher viscosity fuel, higher overall efficiency).

Current experience with DICE is minimal — totaling less than a few thousand engine
hours, so learning by doing will be essential for developing DICE and driving down
costs. Practical experience is also likely to result in a wide range of incremental
improvements across the fuel cycle, including logistics.

Economies of scale, which for DICE are expected to be related to multiplicity — more
cylinders and more engines - rather than larger cylinders/engines. It is likely that given
the expected high R&M requirements, DICE experience will also result in incremental
improvements to both base engine design and maintenance procedures. For example,
engine designs with increased modularity to enable rapid switch out of fuel systems and
cylinder power units. More units will also give direct learning benefits via installation
logistics — which for large engines and inland locations can be considerable.

Next-generation DICE will gain a step benefit from a multitude of new and incremental
technology improvements made since the USDOE funded program in the 1980°s — not
only for large engines used for stationary generation but also those for automotive and
heavy haulage application. Technologies include individual cylinder monitoring and
electronic control, many new materials and manufacturing techniques — plus the broader
availability of larger engines and highly refined emissions control options. Another
essential factor is changed drivers (eg nimble, high efficiency at a small scale to support
new grid demands)., which provide additional economic benefits to allow increased
engine component costs
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2.1.6 DICE performance

An engine model was used to predict the thermal efficiency and exhaust gas of a MAN
18V48/60TS engine using MRC from a Powder River Basin coal (2wt% ash, but otherwise using
an as-mined coal composition). This data is required for the assessment of heat
recovery/integration options by others.

The engine model used is a 1-dimensional thermodynamic model, using thermodata from the
NASA thermobuild system, and free energy minimisation from the NASA CEA program. In-
cylinder processes assume a homogeneous mixture of air and combustion products, ideal gas
behavior and that the system is at thermodynamic equilibrium.

Cylinder heat loss
The heat transfer co-efficient is calculated using the Woschini equation®. With this equation
three stages in an engine cycle considered:

- gas exchange period (between exhaust valve open and inlet valve close)

- compression

- combustion and expansion period

h, = 3:26 n-0.2 p0.8 7-0.53,,,,08
1000
where:
h, = heat transfer coefficient (kW/m?.K)
D = cylinder bore (m)
P = cylinder pressure (kPa)
T = cylinder temperature (K)
w = average cylinder gas velocity (m/s)
W = C\Syeanpision + C—tiiscementlo gy _ o s
poVo
where:
Cy = constant (6.18 for period 1; 2.28 for periods 2 and 3)
SMeanPiston = mean piston speed (m/s)
C, = constant (0 for periods 1 and 2; 3.24 x 107 for period 3)
Vaisplacement = cylinder displaced volume (m®)
Ty, Do, Vo = temperature, pressure and volume

Equilibrium products

Additionally, during combustion, the equilibrium composition is calculated using free energy
minimization. A limited number of species are modeled, Ar, CO, CO>, H, Hz, H2O, N, Nz, NO,
NO2, N>O, O, Oz, OH, SO». These species are the only ones that will occur at any significant
concentrations and were included mostly to take into account dissociation at higher temperatures,

4 Woschni, G., "A Universally Applicable Equation for the Instantaneous Heat Transfer Coefficient in the Internal Combustion Engine," SAE
Transactions, Vol. 76, p. 3065, 1967
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rather than the amounts of minor species. SO: levels in the exhaust gas assumed that there is no
partitioning of S to fly ash components. While the latter does occur in boiler off-gases
(especially for coals with high alkali/alkaline ash), the extent is unknown for DICE with much
shorter residence times below 1000°C.

Friction calculations

The model uses the Chen-Flynn friction model® which has the form:

FMEP = Crmep + (Cpcp * Ppeak) + (Cwmps * Smcanpision) + (Cvpss * Veanpistion”)
where:

FMEP = friction mean effective pressure (bar)

Crmep = constant for FMEP

Crcp = constant factor for peak cylinder pressure

Ppeak = peak Cylinder Pressure (bar)

Cwps = constant factor for mean cylinder velocity

SMeanPiston = mean piston velocity (m/s)

Cwmpss = constant factor for mean cylinder velocity squared

Heat release rate

The most important aspect of the combustion phase is the calculation of the rate at which the fuel
will combust, generally referred to as the heat release rate (HRR). The model using a three term

Wiebe heat release model® fitted with actual heat release rate data from a hydrothermally treated

Victorian lignite, which imposes a non-predictive burn rate based on crank angle

Its single term form is

Ca - (2.302‘(1+EA)D—A0.105‘(1+EA))_(1+EA)

where:
Ca = Weibe constant for part of the combustion
D, = duration of that part of the combustion (°)
E, = exponent for that part of the combustion

In the three-term form used in the model, the combustion profile is separated into three section, a
premix phase, a main diffusive phase and a tail diffusive phase. With these three phases an
overall expression for the fraction of fuel consumed is as follows:

F, =1—(Fp+ F)

Fruer(8) = Fp(1 = e‘CP(Q—Tsoz—TIgnD)(EpH) +

E
Fd(l _ e—Cd(B—Tsm—TIgnD)( a*y +

> Chen, S.K., and Flynn, P.F., "Development of a Single Cylinder Compression Ignition Research Engine," SAE Paper 650733

¢ Wiebe I., Halbempirishe Formel dur die Verbrennungsgeschwindigkeit, in Krafstoffaufbereitung und Verbrennung bei Dieselmotoren, ed. G
Sitkei, pp. 156-159, Springer-Verlag, Berlin, 1964
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where:
Fruer(6) = Fraction of fuel burnt at crank angle 6
Fp = Fraction of fuel burnt in premix phase
Fy = Fraction of fuel burnt in diffusive phase
F; = Fraction of fuel burnt in tail phase

The values of the constants can be varied to match actual heat release data from experimental
data. In the model this has been done with the data for coal, while recommended values have
been used for diesel.

During the exhaust phase the cylinder contents discharge to an exhaust chamber, which is
assumed to remain at a constant pressure.

To calculate the exhaust mass flow, compressible flow through the exhaust valve in both choked
and un-choked conditions must be modeled — based on the criteria of Streeter and Wiley.

The effective area for the exhaust port is calculated as the annular area created between the
actual exhaust port and the exhaust valve as it is opened multiplied by a discharge coefficient.
The lift profile is modeled initially with a sinusoidal function based on a specified lift rate. The
area is then unchanging until the valve closes again based on the same lift rate. The shape of the
curve can be varied by changing the value of the lift rate as well as the opening and closing
positions.

Base engine parameters

The model was based on engine parameters obtained from MAN Energy Solutions, and missing
parameters (some key information are proprietary) estimated from best available literature data —
eg valve timing. The procedure was to:

e Obtain a reasonable fit with published data using diesel fuel, and using the same
parameters repeat for PRB coal assuming 50 and 55wt% coal in the fuel.

e Repeat the calculations for two different firing strategies: 1) fixed heat input rate and 2)
fixed peak combustion pressure. These cases were included to simulate likely operating
extremes using MRC (because the water content and heat release rate are significantly
different from diesel fuel oil, resulting in lower combustion pressure).

The ignition delay for fuel oil was 2.5 ms, and for MRC 5 ms was used (experimentally
determined for hydrothermally treated Victorian brown coal).

Important: This type of simulation can only provide a guide to engine performance until
detailed information is available on the combustion characteristics of the chosen PRB coal, and
engine adaptations are proven with full-scale operational experience. For example, the engine
maker may require the derating of the peak firing pressure due to ring wear concerns or may
reduce the allowable pressure limit to account for the increase in power (and therefore stresses
on other parts of the engine) that is possible with MRC firing.

The results of the modeling are summarized below in Table 4, which includes nominal firing
conditions, exhaust gas composition, and thermal efficiencies for the 50 and 55 wt% coal MRCs
and the two firing strategies. NOx concentration has been taken from laboratory engine data
using a hydrothermally treated brown coal (PRB MRC is expected to have similar combustion
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characteristics), and particulates loading is calculated assuming a 2% ash MRC. SO- assumes
that all coal sulfur reports to the gas (depending on the ash chemistry, some sulfur will also
report as sulfates in the fly ash).
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Table 4 Summary of engine modelling based on a nominal MAN 18V48/60TS

Case

Firing strategy

Stock PRB-1 PRB-2

Same heat input rate

PRB-3

PRB-4

Same peak pressure

Fuel Diesel 55% PRB 50% PRB 55% PRB 50% PRB
ltem Attribute Unit
Pilot fuel Energy proportion % - 1 1 1 1
Ignition delay ms 2.5 5 5 5 5
Fuel rate kg/s 1.41 3.62 3.97 6.61 7.33
Fuel temp °C 90 90 90 90 90
Air to compressor kg/s 2.31 2.33 2.33 2.34 2.35
Compressor outlet °C 246 246 246 246 246
bar 5.8 5.8 5.8 5.8 5.8
Charge air cooler outlet °C 43 43 43 43 43
Compression start Crank °BTDC 220 220 220 220 220
°C 51 49 48 49.4 48.3
bar 5 5 5 5 5
Injection Start °BTDC 2.5 2.5 2.5 2.5 2.5
Ignition delay ms 2.5 5.0 5.0 5.0 5.0
Charge temp at SOI* °C 674 665 662 665 661
Charge press at SOI* bar 212 211 211 210 210
Max press Crank ° ATDC 17 24 24 24 24
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Case
Firing strategy
Fuel
ltem

Max temp

Exhaust start

Turbine inlet

Exhaust

Attribute

Press

Crank

Temp

Crank

Gas temp
Cylinder press
Flow

Average temp
Average press
Temp

Press

Volume flow
Ar

CO;

H.O

0,

Unit
bar
° ATDC
°C
° ATDC
°C
bar
kg/s
°C
bar
°C
bar
Nm3/s
mol%
mol%
mol%
mol%

mol%

Stock

Diesel

257
25.7
1382.
140
582
13.5
57.0
427
6.3
224
1.0
34.6
0.9
5.0
5.2
75.7
13.2

PRB-1

PRB-2

Same heat input rate

55% PRB

217
33.6
1267

140

521
131
59.5
386

6.3

196

1.0
37.0

0.8

5.6
11.3
69.9
12.3

50% PRB

218
335
1248

140
494
12.8
59.9
376

6.3
188

1.0
37.5

0.8

5.5
12.8
68.7
12.2

PRB-3

PRB-4

Same peak pressure

55% PRB

257
35.8
17902
140
862
19.6
62.8
6042
6.3
366
1.0
390.1
0.8
9.6
18.2
64.8
6.6°

50% PRB

257
35.7
1759?
140
819
19.1
63.6
5892
6.3
355
1.0
40.0
0.8
9.4
20.7
62.9
6.3
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Case Stock PRB-1 PRB-2 PRB-3 PRB-4

Firing strategy Same heat input rate Same peak pressure
Fuel Diesel 55% PRB 50% PRB 55% PRB 50% PRB
ltem Attribute Unit
SO, ppmv - 139 136 509 496
SO, ppmv - 139 136 509 496
NOXx (lab engine) ppmv - 900 1000 ?4 ?4
Particulates g/Nm3 - 0.81 0.79 1.40 1.37

Cycle summary

Net power output kw 22009 20688 20381 372052 369632

Heat to coolant + kl/s 3586 2700 2532 65542 63022

radiation

Heat to exhaust kl/s 18768 18466 18293 34074 342152

Fuel consumption g/kWh 173 184 187 190 193

(diesel equiv)

Efficiency indicated % HHV 51.2 49.42 48.88 46.43 45.76
% LHV 54.5 51.5 50.9 48.2 47.5

Efficiency net % HHV 45.8 44.0 43.3 43.5 42.7
% LHV 48.7 45.8 45.1 45.2 44.4

I Start of injection ? Excessive, likely to be impractical * Low, likely to be impractical * No estimate available
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The modeling results show that Cases PRB-1 and PRB-2 (ie with the same heat input as for
diesel fuel oil) give the closest match in engine performance, with:

e Thermal efficiency of 45.1-45.8% LHV.

e A 40 bar (15%) reduction in the peak combustion pressure.

e A decrease in power output of 6-8%.

e An increase in coal loading from 50 to 55%, giving an increase in thermal efficiency of
0.7% points, or a decrease in the heat rate of 1.6%.

The modeling results with the same peak pressure as for diesel fuel oil, Cases PRB-3 and PRB-4,
gave a radical change in engine output and exhaust conditions. If practical, this method of firing

would:

e Increase power output by around 68%.

e Increase exhaust temperature by 300°C, and reduce the oxygen content to 6-7 mol% (and
thereby increase CO content).

e Reduce engine thermal efficiency by 4.5% points compared to diesel fuel.

e Overall, this option would be best suited for plants additional heat integration — including
with waste heat recovery by turbo compounding and/or steam plant, or post-combustion
capture of COx.

2.1.7 DICE learning curve

The learning curve for DICE is atypical in that 1) there have been two previous periods of
development separated by decades, and 2) the technology is only a slight variation of a standard
diesel engine, and 3) earlier developments were restricted to individual demonstration engines.
The expected learning curve is discussed in the context of generations and thermal efficiency and
cylinder size, and is shown schematically in Figure 13 below:

Generation 1:

Generation 2:

Development of the diesel engine was initiated by Rudolf Diesel’s proposal
to use coal in a compression ignition engine in 1892. However, shortly
afterward he abandoned coal as a fuel and concentrated his work on oil fuels.
Serious work on coal-fuelled diesel engines was renewed in 1911 by Rudolf
Pawlikowski, a former co-worker of Diesel.

After solving many technological problems, four firms reported the
successful operation of 19 engines from 6400 kW and engine speeds from
160-1600 rpm. All of these 1% generation engines used dust firing — either
by aspiration/fumigation into the inlet air, or by air-blast injection. Little
development of fuel processing is reported from this period, with the engines
using commercially available coals, coke and charcoals (biochar) — some with
up to 12% ash, and with engine operation up to 8,000 hours. Thermal
efficiencies of around 30% (HHV) were achieved, and the engines ran
without fouling and with clean exhausts.

Following World War II, abundant, low-cost oil removed the economic
incentive for further development until the early 1970s, when coal-diesel
mixtures were investigated as fuel extenders — mostly in small high-speed
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Generation 3

Generation 4

engines. A short series of tests were also undertaken in Europe using large
slow-speed research engines at Sulzer Bros (now WING&D), and at
Burmeister and Wain (now MAN B&W) using coal-fuel oil mixtures in
unmodified engines, but chronic wear issues exacerbated by poor atomization
prevented development. Much better results were obtained with coal water
slurry (ie MRC), leading to a larger development program by the USDOE
over 1982-92, involving AMAX (fuel production), Cooper-Bessemer/Arthur
D Little, Sulzer, General Electric, Adiabatics/Sulzer, General Motors
ElectroMotive Division, Detroit Diesel Corporation, Southwest Research
Institute, and others. The program not only defined economic and technical
conditions under which engines could be commercialized, but also advanced
the state of the art through pilot testing of both fuel production and engines.
Although these developments progressed through to a technology readiness
level (TRL) of 5-6 (component demonstration and pilot testing), the
prolonged slump in oil prices and the lack of interest by a suitable (big-bore)
engine manufacturer terminated development. Other factors also contributed
to the lack of progress, including the high cost (relative to current production
costs) of the MRC fuel due to the lack of efficient fine milling technology,
and the focus on medium speed engines (up to 1,000 rpm) — which are
considerably more challenging to adapt.

Recent and current developments focussed on larger lower speed engine (500
rpm and lower), but which piggy-back on the earlier USDOE work to adapt
current commercial engines (with new materials and with economics based
on new drivers — energy security, domestic coal, lower CO> intensity). The
objective being for new DICE-based coal to replace old coal and natural gas.

Projected DICE developments in which the engine and fuel are optimized for
maximum overall fuel cycle costs and performance. It is envisaged that these
would include larger cylinder sizes, the ability to fire paste fuel, co-fuelling
with bioenergy, and CO» capture.
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Figure 13 Generations of DICE development
2.2 Operational strategy

2.2.1 Startup

It is recommended that engine starting and warm-up to operating temperatures should use fuel
oil or diesel. Cold starting of large engines (which tend to use lower quality fuel) is always
somewhat marginal, as the heat losses from a cold cylinder and a slow compression stroke, plus
cold injection equipment, means that the charge temperature at the start of injection is lower (say
400°C) than when hot and at speed (say 650°C). This is an issue, as all coals have a higher
autoignition temperature (530-575°C) than fuel oils (250-375°C).

It is, therefore, unlikely that MRC will be suitable to start a cold engine. Even if the engine
started, the higher unburnts from a cold engine would cause problematic contamination of the
cylinder bore, with unburnt coal packing behind the piston rings. This packing would cause
accelerated ring and cylinder wear, and possibly ring breakage.

The use of diesel fuel oil for starting will require a dual injection system — a small capacity one
for starting, and a larger one for MRC. An additional benefit is that the smaller capacity system
for diesel fuel oil could also be used for pilot fuelling.

2.2.2 Pilot fuelling

DICE may require some pilot fuelling — an established technology with natural gas engines,
especially those needed to operate as dual-fuel engines (ie as distinct from lower compression
spark ignition gas-only engines — Otto cycle). The amount of pilot fuel required needs
experimental data. It will depend on the engine (speed, cylinder size, boost, aftercooling efc,
which affect the charge temperature at the start of injection) and the effective volatiles content of
the MRC. However, it is expected that a fixed 2-5% of the heat rate at maximum output would
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be sufficient — which automatically provides a higher proportion of heat input when required at
idle and lower load settings.

For low-speed engines (<400 rpm), and based on practical experience, it is expected that the
engine could operate reliably on 100% MRC, providing the engine is hot and above (say) 35%
load. For lower load and higher speed engines, minimum pilot fuelling with fuel oil is likely to
be required. As both startup and pilot injection will require a separate injection system,
operationally, some minimum pilot injection will likely be preferred to provide cooling of the
pilot injector nozzles.

Injection timing for the pilot injection would normally be just before, or at the same time, as the
MRC —both being electronically timed to allow optimization for different engine conditions and
fuel variations.

In addition to a lower speed, derating the engine by reducing the amount of aftercooling (a
higher air inlet temperature would give a reduction in cylinder charge, with a disproportionate
increase in compression heating) — which may also reduce the need for pilot fuelling.

The requirement for assisting ignition with pilot fuel provides an additional implementation
strategy: installation of dual fuel NG engines now, being progressively switched to DICE as
required using a retrofit kit.

2.2.3 Shut down

With a correctly designed fuel system, engine shut down can be achieved without any
precautions. To achieve this, the fuel system will require some method of controlling a
circulating flow of fuel down the injector to the needle valve and back to the service tank — as
described in Section 2.1.2. If this feature is not included, then a full flush of the fuel system
from the feed pump through the injector will be required while the engine is operating to
eliminate the possibility of stagnant coal fuel clogging the hot injection system while stopped.
With the latter system the engine shut down would be under pilot fuelling.

While diesel fuel has been used as the flushing fluid in some previous trials by simply switching
the fuel supply to the engine from MRC to diesel, this arrangement is not recommended. In
contrast to MRC, diesel fuel requires perfect sealing of valve seats (ie the needle or cut off valve
in the injector) to ensure that fuel does not leak into the cylinder under the influence of the fuel
supply pump. Also, any MRC that is not flushed from the system by the diesel fuel will highly
likely result in agglomeration of the residual coal particles, potentially causing blockages. If this
method of flushing is chosen, then an alternative flushing fluid should be used, for example, a
mixture of long-chain polyglycol (eg UCON) and water. This fluid would have the advantage of
being miscible with MRC. In both cases, the switch over to the flushing fluid needs to be
undertaken at less than half-load to avoid over fuelling the engine.
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3 DICE TECHNOLOGY GAP ANALYSIS & DEVELOPMENT PATHWAY

3.1 Limitations/adaptation of current engines for DICE

While atomized MRC burns well in diesel engines, the engines require several essential
modifications, and the engine also need to be low-medium speed (preferrably <500 rpm) to allow
for longer combustion time and to reduce the the fineness of atomisation required to achieve
efficient combustion.

To some extent these modifications are already used for commercial engines using Orimulsion
and MSAR (bitumen-water emulsions — a close proxy for coal-based slurry in terms of
combustion), high pressure gas, liquified gases and alchols. However, for DICE additional
essential modifications are required. While most are straightforward engineering, several critical
components will require redesign. The limitations and adaption of current engines for DICE is
discussed for the following aspects:

e Cylinder size and speed
e Wear coatings

e Piston

e Ring shape

e Dual injection

e Injector

e Exhaust ducting

e Cylinder drains

e Turbocharger

Size and speed

For coal, the cylinder size should be as large as possible and the engine speed as low as possible
— larger and slower, respectively, than economically optimal for comparable installations using
fuel oils and gas. Although low-speed engines cost proportionally more per MW, the benefits
for coal are a reduction in cylinder wear and an increase in wear tolerance due to larger
component sizes. In addition to increased wear tolerance, large bore and low speed mean that
fineness of MRC atomization is less critical, and this allows both larger orifices (results in longer
fuel jets) in the atomizer nozzle and lower injection pressure. Both are essential to reducing
nozzle wear. A larger bore also increases the space available for the injector, which for MRC
will likely be larger to accommodate ceramic components.

Fuel supply system

Conventional fuel supply systems are unsuitable for MRC and will require redesign to avoid
clogging and wear issues. The MRC supply system should provide a small, controlled
circulation flow around the fuel rail and through the injectors to enable rapid flushing of the
system and to eliminate clogging of the fuel system when the engine is not in operation. This
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circulating flow should be down through the injectors suction valve to the seat of the needle
valve and be controlled either electronically or from the same oil that actuates the fuel pump
plunger. The spring-loaded inertial valves often used with HFO are not recommended desirable
due to the variable flow properties of MRC (shear thinning) and seat wear.

It is recommended that a twin pump low-pressure fuel system is used, with one pump controlling
the pressure in the circulating flow, and the other used to control the return flow — as described in
more detail above in Section 2.1.2.

Injectors

Conventional injection equipment, including pump-line-nozzle, hydraulically actuated
electronically controlled unit injectors (HEUI), mechanically actuated electronic controlled unit
injectors (MEUI) and common rail injectors are completely unsuitable for MRC due to
instaneous jamming of sliding parts with coal particles, clogging of fuel galleries and rapid wear
due to erosion/cavitation. Required modifications are summarised in below.

Jamming of any sliding surfaces wetted by the fuel. This is especially the case for the fuel pump
plunger and the cut-off needle valve spindle, which will jam solid within several injection cycles
unless protected by a higher-pressure seal oil. This also precludes the use of a conventional jerk
pump with spill ports to control injection rate.

Clogging of fuel ways if the fuel is allowed to remain stagnant — especially if the engine is hot
and the fuel has been repeatedly pressurized to injection pressure (which can destabilise the
fuel). This means that the flushing of the fuel system is necessary either before stopping the
engine or immediately after stopping.

Erosive wear of fuel system components, especially the atomizer orifices, but also for the non-
return valve seat and the needle valve seat. The size of fuel galleries must also be increased to
reduce fuel velocities to below 10 m/s if possible. Velocities over 20 m/s will cause galleries to
wear. Erosive wear is further accelerated by corrosion-erosion mechanism if materials subjected
to high-velocity fuel are not sufficiently hard and corrosion-resistant.

Cavitation wear is increased with MRC due to the higher vapor pressure of the fuel’s continuous
phase (water), and also due to its higher viscosity. Other fuel properties may contribute to
cavitation, including the high particulates loading and the strongly shear-thinning nature of
MRC, which tends to channel flow.

Piston

The piston bowls of modern engines are shallow and wide for less intense fuel-air mixing to
reduce peak combustion temperatures and NOx formation: NOx should not be an issue due to
the cooling effect of the fuel water — but requires full scale demonstration. Although the
optimum shape for MRC has not been identified, it is probable that the older-style, deeper bowl,
higher squish piston will give better results by providing faster and more complete fuel air
mixing, which effectively increases the combustion time and allows the use of lower excess
combustion air. The latter will also result in a higher charge temperature at the start of injection,
further improving both ignition and combustion. Fuel-air mixing for DICE is also likely to be
enhanced by the need for additional nozzle orifices to pass the higher fuel volume of MRC. A
deeper bowl piston is also expected to reduce fuel contamination of the upper cylinder bore.
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Piston rings

There has been little published R&D on ring design for MRC. Conventional ring designs with
hard coatings have given reasonable performance with MRC — but tests appear to have been of
short duration (a maximum of 200 hours continuous). It is speculated that an optimized ring
design will be necessary to minimise wear via 1) additional cylinder lubrication to carry away
char and ash contamination of the cylinder wear surface, 2) avoiding Brinnelling by hard ash
particles means that pressure equalisation across the ring pack will be more important which also
increases the minimum oil film thickness, 3) ring porting/draining needs to be increased to allow
for a step increase in particulates (ash and char) in the lubricant film, 4) ring shape may need to
be changed to increase down scrap of contaminated lubricant to collection points. Piston ring
rotation would also assist in evacuating contaminated oil grunge from behind the rings.

Materials

In general, the materials used for the critical components in the fuel system, piston rings and
cylinder liner in conventional diesel engines are unsuitable for MRC. High hardness is essential
to avoid abrasive wear from coal ash. Although ceramic coatings are available for piston rings
and liners, conventional hard coatings are generally too thin to prevent the Brinelling effect of
large hard fly ash particles — ie indenting through the hard coating into the softer substrate.
Thicker, more monolithic coatings will be necessary with binders that are resistant to corrosion
and grain plucking. The injector nozzle is particularly challenging. Although conventional
polycrystalline diamond compacts have been shown to be effective in managing nozzle abrasive
and cavitation wear of nozzles, the newer nano-particle compacts of polycrystalline diamond or
cubic boron nitride are expected to give an even better performance — and are tougher. These
materials should also be used for fuel system valve seats and needles/poppets. A redesign of the
injector is required to utilize these ceramics, in particular, as the ceramic components require an
increase in component cross-section to compensate for lower tensile strength.

MRC can be handled using conventional steels (as for coal water fuels); however, it is
recommended that components downstream of the fuel strainer are constructed from rustless
steels — especially the engine fuel delivery system and high-pressure injection system. This is to
reduce scaling and erosion-corrosion. For pump and injector bodies, steels recently developed
for biofuel should be considered (eg Duval TN15 or similar).

Exhaust ducting

Conventional horizontal ducting between the turbocharger turbine outlet and emissions control
equipment will likely result in ash deposits on the lower surfaces of ducting — especially from
shed ash deposits. Minimizing horizontal runs, live bottom ducts (eg equipped with drag
chains), dropout boxes, soot blowers, and other measures will need to be used to prevent
deposition from becoming an issue.

Dual injection

A dual injection system will be necessary to allow the engine to start and warm-up on diesel or
lighter fuel oil, and to enable pilot injection to control ignition (depending on the MRC quality).
For some engines, the fuel oil side of the existing dual-fuel system may be used - possibly
downsized to match only starting and pilot rating.
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Cylinder lubricant drains

To accommodate increased particulates contamination of the cylinder lubricant film, increased
cylinder lubrication is required, with provision to collect contaminated down scrap of lubricant
(eg using a spiral/circumferential oil collection groove(s) near the bottom of the stroke). This
arrangement will enable dirty lubricant to be routed out of the engine for separate deep cleaning
using a centrifuge, thereby reducing the filtration load on the crankcase lubricant system.

Turbocharger

Coarse particulate matter in the engine exhaust will cause inlet vane and turbine erosion,
especially for particles larger than (say) 10um. While the bulk of the flyash is likely to be finer
than this value (larger cenospheres are unlikely to be an issue as they are spherical and being
hollow have a small equivalent aerodynamic diameter), ash deposits shedding from inside the
engine and exhaust ducting will be larger. For this reason, turbines and inlet vanes will require
hard facing — as used for large low-speed 2-stroke marine engines using heavy and residual fuel
oils.

Technology gaps

While it is believed that there are no technical limitations concerning adapting an engine for
DICE (this is an engineering issue only), there are a number of technology gaps that continue to
hamper development. As these involve both the fuel and the engine, these gaps are discussed
under that of a new fuel cycle involving the production of new fuel, for adapted engines for new
coal generation markets:

e For the fuel, this includes producing a suitable slurry fuel from coal for a new end use,
for which little experience.

e For the engine, these involve designing and manufacturing new critical components for
an engine with acceptable longevity and R&M requirements — and for economically
viable fuel quality.

e Overall, there is a lack of logistics/infrastructure for a DICE fuel cycle.

While all issues were considered to some extent in the comprehensive USDOE program from
1978-92 (which focused on bituminous coal replacing diesel fuel) this data is only partially
relevant to the present initiative, which targets a sub-bituminous coal and larger capacity
stationary generation. Also, there has been a range of new technologies and business drivers
over the last 25 years — for example, more efficient mills, new abrasion-resistant materials,
manufacturing methods, electronic control, the rise of the reciprocating engine for both
decentralized and baseload generation.

What is lacking is an understanding of the trade-offs between fuel quality and engine
modifications, and this balance should be reassessed in the context of developments in ultra-hard
materials and manufacturing techniques introduced over the last 25 years.

Table 5 below summarises the currently known technology gaps.
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Table 5 Perceived technology gaps

Technology gap

Description

Importance

Processing and
formulation of sub-
bituminous coal

Deashing by flotation or selective
agglomeration may result in a higher
product ash.

Lower rank coals can make excellent
MRC if the surface properties are altered
and any porosity reduced, eg by
hydrothermal treatment or low-
temperature carbonization.

Cost effective additive packs to provide
optimal solids content and rheology.

High
(trade-off between fuel cost
and engine cost)

Fuel logistics

Fuel quality standards, including
suitable performance tests need to be
established (pf coal and fuel oil
standards are not suitable for DICE).
CSIRO has a number of DICE fuel tests
which could be used as a starting point.

High

Fuel-engine interactions

Very little data for sub-bituminous
coals.

The occurrence of mineral matter in the
processed coal will have a significant
influence on the required engine
adaptations (armoring), and R&M costs,
however, it is likely that this will only
cause a small increase in overall capital
cost for an Nth installation.

High

Engine design

Current designs and materials of
construction assume clean fuel. This
limitation applies to the fuel supply
system, the injection system, cylinder
components, exhaust valve seats,
exhaust system, turbocharger turbine,
and heat recovery systems.

Engine maker philosophy — the fuel
needs to match the engine

High

High — potential large new
markets using lower cost fuel
needs to be valued

Next-generation DICE
fuel systems

Atomization and atomizer longevity is
an essential requirement for DICE.

The existing practice of pressure
atomization is a likely to be a stop gap
solution.

Air blast atomization could solve nozzle

and wear associated with high pressure
MRC, and potentially allow firing of

Medium in the short term, but
could eliminate the atomizer
problem and result in relaxed
fuel quality requirements

High
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Technology gap

Description

Importance

paste fuel, but requires more adaptation
to the engine systems

The potential economic benefits of
lower-cost fuel should warrant extra
effort on the engine, MRC is a different
fuel that requires a different engine.

Engine manufacturers mostly
adopt the view that the fuel
must match the engine. The
opposite could be optimal for
DICE.

New coal philosophy —
LCA based

DICE is a higher value market for coal.
A new philosophy around quality and
optimizing the overall coal fuel cycle is
required. For example 1) creaming
operations to produce MRC for DICE
with higher ash MRC being used for
boilers, low load or light up fuel, 2)
mining of tailings dams, 3) other higher
value end-uses for MRC quality coals
The highly flexible nature of DICE
could directly underpin a high
penetration of intermittent renewables —
giving a cleaner overall grid.

High
Potential to reinvigorate the
industry

High

New system boundaries need
to be established — coal with,
not versus

3.2 Technical risks and issues

The key technical risks and issues associated with developing DICE — based on recent CSIRO
experiences, are as follows, in decreasing order of importance:

1. Commitment: Ensuring commitment of both the engine manufacture and fuel
supplier/fuel chain as this involves producing and using a fuel that is new to the world —
this requires industry backing and commitment to not only undertake the engineering
RD&D, but also to establish new logistics (including tests for quality, OH&S, public
perceptions). Ifa holistic development approach is not taken, development could stall
due to a chicken-and-egg situation between fuel supply and availability of suitable

engines.

2. Tradeoffs: Establishing at the outset nominal trade-offs between fuel quality and engine
modifications. The engine manufacturer will likely insist that the fuel is produced to suit
the engine and the fuel supplier that the engine is adapted to suit the fuel. Although a
full-scale demonstration is required to quantify the optimum quality-engine adaptations,
an early decision should be made on fuel quality targets to give an acceptable overall
generation cost. Other changes are also required: For the coal supplier, MRC must be
regarded as a premium fuel and prepared and handled accordingly; for the engine
manufacturer it should be accepted that MRC is not a fuel oil, and that DICE will require
substantial changes to engine manufacturers to incorporate new materials and changes to
the base engine (eg a new fuel system, revised cylinder heads to accommodate a larger
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3.3

injector, increased crankcase lubricant cleaning, revised exhaust ducting and turbine
materials ezc).

. Development philosophy: Ensuring that both the engine manufacturer and fuel supply

parties agree with the engine development program. There are two diametrically
opposite pathways to achieving a commercial engine: 1) develop and test what is
considered to be key components prior to undertaking the engine tests/demonstration, or
2) undertake engine tests early with adapted components to identify and prioritize
component development needs and learn by doing. This single issue was the cause for
termination of the recent CSIRO project with an engine manufacturer and the Australian
coal industry: The coal industry disagreed with OEM’s approach (which was a 3-5 year
program based on early engine trials prior to component development) to develop a
commercial engine for DICE. It is emphasized that the program was not terminated on
technical grounds — only conflicting philosophies on how development should proceed.

Supporting R&D: Including a parallel program to develop and establish fuel cycle
logistics. This should include identifying/developing suitable tests for the fuel — which
will likely involve a hybrid of fuel oil and coal type tests. It is recommended that a high
degree of importance is placed on understanding how the inorganics in the as mined coal
report to the MRC fuel, the exhaust gases, and the wear implications — especially for the
injector nozzles and cylinder components. For example, depending on the coal and the
cleaning methods used, around one-third of the ash content (in, say a 2% ash coal) could
be derived from organically bound or finely disseminated mineral matter which will have
different wear implications that coarser extraneous quartz particles. Another key area is
MRC rheology: If this is correct the relatively high viscosity fuel will inject as well as
fuel oil and will be safe to store without agitation. If not, fuel system and injector nozzle
blockages will result, and fuel tanks settle to form a compacted sludge. Rheology targets
are detailed above in Section 2.1.3.

Engine ready MRC: Developing a cost effective, engine ready fuel. For bituminous
coals fully commercial technologies are available to do this. For lower rank coals such as
Powder River Basin coal, some development is required to ensure sufficiently low
mineral content and to allow an MRC with over 50% coal to be produced with acceptable
rheology.

Engine modifications: These have been detailed in Sections 2.1.2 and 3.1 above. The
minimum modifications to enable an engine trial, for example, to obtain combustion and
heat release data, and to identify other issues, is a seal oil protected injector and fuel
pump. Using a standard tool steel nozzle should enable 5-10 hours of consistent
operation to gain early engine performance data and to refine the component
development program.

Key R&D requirements for development

The technical R&D requirements are discussed below in the context of developing an overall
fuel cycle that is ready for commercialization by 2030:

Fuel development

Engine component development
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e Logistics

3.3.1 Fuel R&D

Cost-effective fuel processing to meet a specification that is suitable for DICE is essential. For
most coals, this will require producing a finer and lower ash product than for existing markets —
but without the usual moisture constraints. Three steps are involved, and all require R&D and
testing to optimize the processing for the specified feed coal.

1. Demineralising and densification
2. Micronising and slurry production
3. Blending

The steps and nominal targets for both R&D and test work is described below, based on our
experience with 48 coals.

Demineralising and densification

The first step is to produce feed coal with sufficiently low ash, and without coarse, hard minerals
such as quartz, pyrites or rutile. It is important to recognize that this requires low temperature
plasma ashing (LTA), followed by quantitative X-ray diffraction (XRD), to determine the
mineral species. This complements a standard coal ash analysis. From recent experience, this
step will be challenging for the sub-bituminous PRB coal proposed, as deep cleaning by a highly
selective process, such as flotation or selective agglomeration, is likely to be less effective than
for bituminous coals —resulting in both higher product ash and lower recovery. Ideally, cleaning
would be undertaken on densified material — eg after pretreatment by hydrothermal treatment.
Hydrothermal treatment is also known to reduce hydrophilic surface groups and oxygen content
(slightly), which further assist in both cleaning and by increasing calorific value of the fuel
slurry.

Micronising and slurry production

The second step is to micronize the cleaned feed coal. Ideally, this is by higher efficiency wet
milling with the required slurry water plus additives. For a 500 rpm engine, a conservative top
size (do7) is 65pum. The aim is to produce a size distribution that will have a good packing
efficiency, which maximises the coal loading and therefore calorific value of the fuel.

Unless a cleaning step follows micronizing (as would be the case for bituminous coal),
micronizing should be undertaken with steel mill media, as ceramic media can chip and cause
unacceptable contamination. If steel media is used, the fuel will pickup some Fe, but as
discussed below, this iron pickup can improve fuel rheology.

Blending and trimming

It is unlikely that a fuel freshly micronized and slurried in step 2 will have acceptable rheology.
A significant improvement in fuel rheology requires a combination of further blending and
aging. Blending is most efficiently undertaken using a combination of a high shear mixer (eg
Eirich-type paddle mixer) followed by a longer period of low-intensity mixing (eg a Visco-jet or
similar). Experience has shown that the energy required for the high-intensity mixing stage can
be as high as 30-50% of that of micronizing. The low shear mixing could also be provided by
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storage tank agitation. During the blending and trimming step, the rheology of the MRC should
be measured for the shear rate range 0.1-3000/s (or higher) to ensure the shear thinning behavior
outlined in Section 2.1.3. Additional trim additions of a surfactant or thickening agent may be
required to achieve these properties.

Example additions for Australian bituminous and lignitic coals are shown in Error! Reference
source not found..

Table 6 Nominal additives used to produce MRC

Purpose Example Range Comment
wt%!
Dispersant Polystyrene sulfonate 0.1-0.5 Needs to be optimized for

the coal. Other dispersants
may be more economical

Stabiliser Carboxymethylcellulose 00.1 Often not required, can
interfer with the dispersant

Auxillary Soluble Fe or Ca 0.01-0.1 Bridging agent. Most

effective for bituminous

coals. Not required for
alkaline ash coals

Biocide From vendors 0.0-0.1 Usually not required

! active ingredient, dry coal basis

As a general comment, processed lignite and sub-bituminous coal usually produce excellent fuel
slurries from a stability and shear thinning perspective; however, porosity and residual surface
groups reduce the coal content and, therefore, the calorific value of the fuel for a given viscosity.
The other factor that affects the coal content of the slurry is the particle size distribution, which
determines the packing efficiency (can be calculated).

Suggestions for research studies that would assist in de-risking the fuel technology for
bituminous and sub-bituminous coals are given below. It should be noted that not all of these
studies may be required — as work progresses, the research will be amended to achieve the goal
cost effectively.

Mineral matter

e Identify the mineral species in the coal (LTA plus XRD, and the size distribution of the
various minerals by SEM - very useful in considering beneficiation issues and options.

e Optimize mineral removal from micronized coal(with and without hydrothermal
treatment), using flotation or other physical separation procedures- how much of which
mineral species is removed?.This study will include the effect of flotation aids/chemicals
on slurry rheology.Dewatering is required after flotation, which requires a dilute (~5%)
slurry. Research is required to develop the most cost-effective dewatering technology
and to optimize dewatering aids, prior to fuel slurry formulation.
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Surface groups

e For lower rank coals, level level of carboxylic acid/carboxylate surface groups should be
measured (eg by a titration procedure).

o Ifinsufficient surface groups are present to achieve stability and shear thinning studies
will be undertaken to determine how can they be generated at minimal cost for
bituminous and sub-bituminous coals (eg by increasing surface oxidation using chemicals
or electrolysis).

e Additives such as calcium ions have a very beneficial effect on bituminous coal slurries,
with small additions (<0.02%) changing slurries from shear thickening to shear thinning.
Is this effective for the target coal, and what is the effect when combined with a
dispersant?

e What is the effect of hydrothermal treatment (and perhaps other treatments such as
compression, or low temperature pyrolysis) on the coal properties such as surface grops
and porosity may need to be assessed, as coal characterisation proceeds.

Milling/micronization

e It may be possible to wet micronize the coal to achieve the final slurry coal.
concentration. This would have the benefit of avoiding an additional trim dewatering
step, especially if a dry beneficiation process was used.

Slurry generation

e Mixing conditions (time, intensity, dispersant, type of mixer) are known to affect the
properties of the slurry, but this depends on the coal and additives used. Experimentation
is required to optimize mixing for the particular coal.

Fuel stability

e Coal slurries can be adversely affected by bacteria and may need biocides to maintain
stability. Work is required to determine if biocide, if required, and identify formulations
that do not negatively affect slurry rheology. CSIRO has had a bacterial problem with
only 2 coals to date (out of 48); however, other groups have experienced significant
bacterial issues.

e Stability tests — many of the tests in the literature are focussed on comparatively short
term stability (days to weeks). There is a need for tests that are relevant to commercial
operations associated with storage and transport (months).

3.3.2 Engine component R&D
Engine component R&D is mostly for fuel delivery and injection systems, including materials
selection. Key areas include:

e Wear coatings for the piston rings and cylinder walls

e Piston bowl shape

e Ring shape
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e An MRC injection system with seal oil protected sliding surfaces and ceramic valves and
atomiser nozzle.

e Exhaust ducting - reengineered to manage ash dropout
e Cylinder lubricant drains to remove contaminated oil
e Turbocharger armoring

e Reengineered fuel delivery system

These are described in more detail under development imperatives and the development pathway
below.

3.3.3 Logistics R&D

DICE is a potential new market for both coal and reciprocating engines that requires the
establishment of new fuel cycle logistics, especially fuel quality standards, and fuel supply
logistics. These are described in more detail under development imperatives and the
development pathway below.

3.4 Development pathway
A development pathway is proposed in the context of a revised positioning of the DICE fuel
cycle, including:

e Energy security

e High thermal efficiency and lower CO2/MWh at small unit size

e A new coal replacement for oil, coal and natural gas

e Nimble generation to support variable electricity demand

e Underpinning a high penetration of intermittent renewables (it is the CO» intensity of the
overall system that is key — not that of the individual technologies)

e A first commercial DICE plant by 2030

Also, the program considers several development imperatives, derisking by staged development
and scale-up risk — which are discussed below.

3.4.1 Development imperatives

Recent R&D has highlighted development imperatives, which have shaped the proposed
development pathway:

1. Securing the commitment of an engine OEM and component manufacturer (eg fuel
systems).

2. Development of a suitable large engine test facility (ie small scale demonstration engine),
which is capable of firing MRC at near commercial scale conditions; for example, an
inline 6-cylinder variant of a larger V18 cylinder engine suitable for commercial
generation.

3. Small demonstration-scale engine tests to obtain key performance data on combustion,
using tonnage lots of consistent and high quality MRC produced from larger fuel plants.
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4. Detailed techno-economic assessment of DICE for different markets to assist with
developing engine and fuel targets, and to increase the case for industry commitment.

5. Detailed risk and hazard review to further de-risk the new fuel cycle, identify key
technology gaps/show stoppers, and to broaden stakeholder engagement.

6. Duration engine tests to investigate fouling. These tests could be performed using
smaller engine tests and a range of adapted boiler test methods, to avoid the need for
producing a larger tonnage amount of MRC and the costs of duration operation of the
larger test engine.

7. R&D to obtain data for optimizing fuel handling logistics, and to enable engineered
systems to be developed for a range of scenarios (local generation, distributed generation,
export).

8. Developments in MRC standards, in particular, to take into account the wide differences
and trade-off in MRC properties between different coals.

9. Developing an outreach program to ensure correct positioning and avoid negativities
from coal’s past image.

3.4.2 De-risking with staged development

While the previous DICE RD&D has provided promising findings for a range of technical issues
around coal-engine interactions, this work can only provide a technology readiness level of 4 for
most technical aspects. De-risking by increasing the technology readiness level or TRL from 4
to 8, to justify (say) a 20 MWe commercial demonstration project requires that appropriate
small-scale demonstration tests are undertaken — taking full benefit of the many technical
improvements over the last 30 years. DICE needs considerable development and demonstration
to match the technological development of current power generation technologies. However,
this can be cost-effectively fast-tracked: compared to the incumbent technologies, DICE has the
ability to carry out a near-commercial scale demonstration at a relatively small size (say 5 MW).

The 5 MW capacity engine-generator can be obtained in skid form, in a straight-6 configuration,
giving a cylinder of approximately 40 cm bore and operating at 500 rpm. The simple in-line
configuration with fewer cylinders ensure easier and faster incorporation of new componentry
for testing - essential to shortening development time. For example, the option of only needing
to make changes to one cylinder — which can also be swapped out as a complete power unit in a
few hours to facilitate testing.

The data and experience gained from this engine would be directly applicable to a larger semi-
commercial demonstration - for example, a V18 configuration producing 20 MW at 500 rpm. It
is envisaged that successful demonstration at this scale would lead to larger commercial
installations comprising multiple 20 MW engines, as is practiced for gas engine installations.
This would not entail any scaleup of DICE — as discussed in more detail below. However, it is
envisaged that the waste heat recovery system would be scaled up to reduce capital cost and to
improve overall efficiency — this is existing commercial technology. In this event, the exhaust
from several engines would be combined into a single waste heat recovery unit.
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3.4.3 Scale up risk

The cylinder size, cylinder rating and power output for the proposed development steps, out to a
full-size commercial engine are given in Table 7.

Table 7 Scaleup factors from demonstration through to large commercial installation

Development stage Bore Cylinder | Cylinders Plant Scale up
rating Units output
(cm) (kWe/cyl) (MWe)
Small scale demonstration 46 1000 6 5-6 1
Demonstration plant 46 1000 18 20 1
: : 18
First commercial 46 1000 . 100 1
5 units
: 18
Large commercial 4-stroke 63 2000 . 200 2x
5 units
: 12
Large commercial 2-stroke 94 5000 . 360 5x
6 units

The scale-up factor (based on cylinder area) between the development stages is at most 2-5x,
which are relatively small scale-up steps that have low technical risk:

e The scale-ups are considered very conservative by the engine manufacturers — especially
if a National Test Facility is available to test the latest developments before deployment

¢ In contrast to many technologies, DICE has the advantage of being able to undertake near
full-scale demonstration at small-scale.

e As cylinder size increases, many of the technical issues associated with firing MRC
decrease (eg more time and space for combustion allows reduced atomization, and wear
effects also decrease).

Overall, it is envisaged that a staged development program could be established with an engine
manufacturer and OEMs (eg suppliers of injection and turbocharging components) to quickly
undertake the demonstration program, to enable commercial deployment by 2030.

3.4.4 Staged development program

The recommended program involves 3 stages, which allows sequential de-risking and the
development necessary to provide the experience and data required to develop the components to
adapt an engine for a demonstration plant. In comparison to other new technologies, DICE has
the advantage of being based entirely on relatively small adaptations of existing commercial
technology, and at a small scale to drastically shorten the time required to progress from single-
cylinder tests through to commercial deployment. The stages and timings are as follows:

Stage 1 (2020-22)  Single-cylinder engine tests - component development, single-

cylinder engine tests, logistics and business cases
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Stage 2 (2023-26)  DICE test facility and fuel plant (5 MW)
Stage 3 (2027-30)  Semi-commercial DICE plant (20 MW units)

The program timeline is also shown in Figure 14, with additional details on the individual

activities given below.

Stage 1 - Single-cylinder engine tests

These tests will provide both a focus and a framework for the entire fuel cycle, including:

Processes and experience in the production of (say) 20 tonnes of suitable fuel

Negotiation of a trade-off between fuel quality and engine modifications — both for short-
term tests and future commercial operations.

Hands-on experience with producing, handling and storage of bulk MRC fuel
Fuel quality testing

On-engine fuel handling experience, including both the low presssure fuel supply system
and the high pressure injection system

DICE operating strategy, including startup, operation at various load settings, and shut
down with or without system flushing

Optimizing pilot fuelling

Exhaust emissions

Duration testing of a new injector

Preliminary data on ash fouling

Preliminary techno-economics and risk assessment

Business case for DICE facility — a shared national facility or consortia owned

Broadening stakeholder engagement with real data

Stage 2 — DICE demonstration plant (SMW)

Development of a suitable engine test facility (ie demonstration engine), capable of firing MRC
under near commercial scale conditions is essential to development — of both the engine and fuel
production.

While all manufacturers are capable of undertaking engine tests in dedicated test cells, to avoid
competition for test cell access, it is recommended that either a dedicated test cell is obtained, or
a new host site is used close to supporting engineers. Also, while a brake dynamometer is
normally used for engine testing, a standard alternator load (ie as a genset) can be used with
sufficiently accurate information of combustion and engine performance being obtained from
cylinder indicator readings. The use of a generator also allows power exports to offset test costs
(important for the longer duration tests).
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Stage 1 — Single cylinder tests

Stage 2 — Demonstration plant

Stage 3 — Commercial DICE

Jan-21 Jan-22 Jan-23 Jan-24 Jan-25 Jan-26 Jan-27 Jan-28 Jan-29 Jan-30
Jun 20 Dec 30

Decision point for next stage, on-going commitment from coal
supplier and engine maker (or additional funding sources)
Fuel system development
20 tonnes of MRC

500 hour injector bench test

40 hour combustion/fuel handling test — single cylinder engine

bl

Risk and techno-economic assessments

Logistics R&D program

H

supplier and engine maker, suitable host site, commercial
backers

Final design and construction of 5 MW demonstration plant, including a fuel

| | Decision point for next stage on-going commitment from coal
processing demonstration plant

Campaigns to test and validate new componentry, longevity and R&D, demonstrator |:||:|D [I I:l
for prospective fuels, operator training

1000 hour continuous campaigns to demenstrate longevity and lack of ash fouling l:“:“:l

Component development and testing | |

Logistics, standards & fundamentals I |

20 MW first of a kind plant,
semi-commercial operation

Figure 14 Proposed 3-stage development program
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An engine-generator producing around 5-6 MWe is recommended to increase the validity of the

test results by demonstrating the technology with a cylinder size suitable for commercial
operation — for example, a 6-cylinder variant of the 18V 48/60 engine chosen as the basis for this
present concept study.

An engine of this size will require around 6000 liters of fuel per day, equivalent to about 2 t/h of
processed coal - which would also ensure MRC production at a reasonable scale.

Engine tests could determine the effects of the following on combustion/heat release,
performance, thermal efficiency, lubricant contamination, wear etc:

Engine load

Cylinder air inlet temperature (by changing coolant flow to the aftercooler)
MRC coal loading and rheology

Pilot fuel timing and rate

Development of operating strategies for starting, warmup, load changing, and shut down
(short and long)

Component durability tests — which could include using different materials and
component designs for individual cylinders to provide a quicker and more cost effective
comparison of component performance than using individual test campaigns.

Emissions as a function of load and fuel properties
Engine ash fouling

Turbine abrasion

Additional fuel supply tanks should be available to enable fuel batching to ensure consistent fuel
quality for each series of tests.

It is also recommended that a parallel R&D and logistics program be undertaken, including:

Detailed risk and hazard assessment, to further de-risk the new fuel cycle, identify key
technology gaps/showstoppers, and to broaden stakeholder engagement. MRC slurry
fuels and new coal combustion equipment will be required to demonstrate no surprises.
For example, MRC is finely divided coal, but it is not classified as flammable. Spills can
be readily cleaned up with a shovel once the fuel loses a few percent moisture. While
MRC looks like oil, spills are less detrimental (see Figure 15 below), and different
handling and storage procedures are required.
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Figure 15 MRC spill 24 hours later (from hydrothermally treated lignite)

Detailed techno-economic assessment of DICE for different markets to assist with
developing engine and fuel targets, and to increase the case for industry commitment.
This assessment should include using DICE as both incremental or old replacement
capacity at existing pf power plants, as well as for greenfield development.

R&D to obtain data for optimizing fuel handling logistics, and to enable engineered
systems to be developed for a range of scenarios (captive or mine-mouth generation,
decentralized generation, centralized generation, export).

Developing standards and certification to take into account the very different properties
of MRC compared to fuel oil.

Developing a detailed business case for commercialization.

Broadening engagement/outreach. DICE is a potential new (and large) market for both
coal suppliers and engine manufacturers and their componentry. However, recent
experience has shown that engine manufacturers are generally reluctant to consider DICE
due to coal’s high CO> intensity (at the burner tip) — on top of their business-as-usual
competing commercial priorities. It is therefore essential at the outset to establish and
clearly articulate both the economic and environmental benefits of DICE to all
stakeholders, for example:

- Nomination as clean coal is no longer enough.

- DICE allows the novel use of coal to provide the backbone for a nimble, secure,
ultra-low emissions power system by underpinning a high penetration of
renewables - including the direct use of biomass and renewable ammonia. It's
the performance of the overall system that is key, not the individual
technologies, as neither would likely exist without the other.
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- Also, once DICE is installed it can utilize a wide range of alternative fuels
including crude bio-oils, chars and other niche fuels etc — giving many other
advantages (increased utilization, reduced processing costs and losses, and the use
of bioenergy wastes). These should be quantified using life cycle analysis. Only
a streamlined LCA will be required to show the overall benefits. The LCA should
be supported by a corresponding techno-economic assessment of the integrated
energy cycle.

Stage 3 First of a kind DICE plant — 20 MW

The smallest representative, first of a kind DICE power plant, is likely to be that of a single large
4-stroke engine (say) 20 MWe.

An engine of this size can be broken down into manageable sections, to enable road
transport to most locations.

Although essentially a commercial operation, it is expected that only limited performance
warranties would be provided by the engine manufacturer, but this would be offset via
the initial pricing and by close supervision of operation and maintenance by the engine
manufacturer (and other equipment suppliers).

Suitable locations or host sites for the first of a kind DICE plant are envisaged as:

- Alongside existing pf steam plants to enable sharing of coal supply, logistics, and
transmission infrastructure — possibly with the long term aim of progressively
replacing older pfunits. This could have an additional benefit of training future
operators and maintenance personnel. The MRC plant could also be used to
supply light up and low load fuel to the pf plant.

- A mine-mouth power plant. This location would provide additional economic
benefits for the coal miner, and allow any lower quality MRC feed coals to be
diverted to conventional markets.

- Alongside a natural gas fired power plant with limited gas supply — with the
possibility of switching out/retrofitting existing engines for MRC.

Commercialization approach

Following the successful demonstration, rapid commercialization is possible, and likely to be
driven by a strong need for incremental coal generation capacity for:

Replacing old, inefficient and uneconomic pf plants (say units smaller than 300 MW
and/or older than 30 years).

New load-following capacity to secure a higher penetration of renewables, and in direct
competition with gas open-cycle plants with higher gas prices.

Remote generation, especially for supplying large coal mines and surrounding regions.

New capacity with CO; capture and storage, as DICE has the potential for a 30%
reduction in the cost of capture over pf coal plants. The cost reduction is due to a
combination of higher thermal efficiency (less CO2/MWh) and the ability to use 130°C
coolant and exhaust heat for stripping.
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Once an engine is adapted for DICE it will be capable of handling a wide range of other
alternative fuels (ie difficult) fuels (for example coal-biochar or coal-ammonia blends,
crude biooils) which would extend the facilities value past the proposed demonstration,
and provide additional environmental incentives for the facility and commercialization of
DICE.

MRC, including higher ash products, could be used to replace fuel oil for boiler lightup
and low load operation.
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